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PREFACE 


The  Electromagnetic  Compatibility  Analysis  Center  (ECAC)  is  a Department  of 
Defense  facility,  established  to  provide  advice  and  assistance  on  electromagnetic 
compatibility  matters  to  the  Secretary  of  Defense,  the  Joint  Chiefs  of  Staff,  the  military 
departments  and  other  DoD  components.  The  center,  located  at  North  Severn,  Annapolis, 
Maryland  21402,  is  under  the  policy  control  of  the  Assistant  Secretary  of  Defense  for 
Communication,  Command,  Control,  and  Intelligence  and  the  Chairman,  Joint  Chiefs  of 
Staff,  or  their  designees,  who  jointly  provide  policy  guidance,  assign  projects,  and  establish 
priorities.  ECAC  functions  under  the  executive  direction  of  the  Secretary  of  the  Air  Force 
and  the  management  and  technical  direction  of  the  Center  are  provided  by  military  and  civil 
service  personnel.  The  technical  operations  function  is  provided  through  an  Air 
Force-sponsored  contract  with  the  IIT  Research  Institute  (IITRI). 

This  report  was  prepared  as  part  of  AF  Project  649E  under  Contract 
F-19628-78-C-0006  by  the  staff  of  the  IIT  Research  Institute  at  the  Department  of  Defense 
Electromagnetic  Compatibility  Analysis  Center. 


To  the  extent  possible,  all  abbreviations  and  symbols  used  in  this  report  are  taken  from 
American  Standard  Y10.19  (1967)  "Units  Used  in  Electrical  Science  and  Electrical 
Engineering"  issued  by  the  USA  Standards  Institute. 


Users  of  this  report  are  invited  to  submit  comments  that  would  be  useful  in  revising  or 
adding  to  this  material  to  the  Director,  ECAC,  North  Severn,  Annapolis,  Maryland  21402, 
Attention  XM. 
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EXECUTIVE  SUMMARY 

A general  investigation  of  the  performance  degradation  in 
FDM/FM  systems  when  exposed  to  various  types  of  interference  sig- 
nals was  made  through  a combined  use  of  detailed  measurements  and 
analyses.  The  interference  signals  used  in  the  investigation  were: 
Gaussian  noise,  CW,  FM,  FDM/FM,  pulsed  (chirped  and  nonchirped) , 
spread- spectrum  and  ECM  type  (i.e.,  barrage  noise,  swept-spot  noise, 
etc. ) . 

The  general  investigation  resulted  in  two  general  methods  for 
evaluating  the  performance  degradation  effects  produced  by  these 
interference  signals  in  FDM/FM  systems.  The  first  method  involves 
a computer  model  for  time-waveform  simulation  of  FDM/FM  receivers 
that  provides  theoretical  solutions  for  a wide  range  of  interfer- 
ence and  receiver  parameters.  The  theoretical  details  of  the  com- 
puter model,  including  the  user-oriented  documentation  and  model 
validation  were  reported  earlier  in  ECAC-UM-78-018. 


The  second  method,  described  in  this  report,  uses  a combination 
of  measured  data  and  engineering  trends  covering  a reasonably  com- 
plete range  of  receiver  and  interference  parameters.  The  measure- 
ment methodology  used  is  also  documented.  In  addition,  information 
on  FDM/FM  systems  (i.e.,  modulation  characteristics,  baseband  noise 
loading  techniques,  emission  spectrum  synthesis  techniques,  etc.) 
has  been  included  in  this  report  to  facilitate  performing  perfor- 
mance degradation  analyses  for  FDM/FM  systems. 
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ADCS  = Automatic  Data  Collection  System 
AFC  = Automatic  frequency  control 

AGC  = Automatic  gain  control 

AI  = Articulation  index 

AM  = Amplitude  modulation 

AS  = Articulation  score 

B = Noise  bandwidth,  in  Hz,  approximately  equal  to  the  receiver 

IF  bandwidth 

BPSK  = Binary-phase  shift  keying 

B = Necessary  RF  bandwidth 

Rr 

B^£  = Off-tuning  factor,  in  dB 

C = Average  power  of  the  desired  FDM/FM  carrier,  in  dBm 

c = RF  input  FDM/FM  carrier,  in  watts 

CCIR  = International  Radio  Consultative  Committee 

CCITT  = International  Telephone  and  Telegraph  Consultative  Com- 
mittee 


= RF  input  carrier-to-average  interference  power  ratio, 
in  dB 

= RF  input  carrier-to-peak  interference  power  ratio,  in  dB 

= RF  input  carrier-to-effective  thermal  noise  power  ratio, 
where  the  thermal  noise  is  calculated  in  the  predetec- 
tion bandwidth 


(c/n) 


= Continuous  wave 


dBmO  = dBm  at  a point  of  zero  relative  level 
dBrnc  = Reference  noise  C-message-weighted,  in  dB 
dBmcO  = dBrnc  at  a point  of  zero  relative  level 
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GLOSSARY  (Continued) 

Defense  Communications  Agency 

Peak  deviation  of  the  multiplexed  signal,  in  Hz 

Peak  deviation  of  a channel  for  a signal  of  test  tone 
level,  in  Hz 

RMS  deviation  of  the  multiplexed  signal,  in  Hz 

Total  RMS  deviation  of  an  interfering  FDM/FM  signal, 
in  Hz 

RMS  deviation  of  a channel  for  a signal  of  test  tone 
level,  in  Hz 

Direct- sequence 

Direct-sequence  spread- spectrum 
Preemphasis  factor,  in  dB 
Electronic  countermeasures 

Frequency  relative  to  the  FDM/FM  carrier  frequency, 
in  Hz 

Center  frequency  occupied  by  the  test  channel  in  the 
baseband,  in  Hz 

Frequency-divis ion-mult ip lex/ frequency-modulation 
Receiver  noise  figure,  in  dB 
Receiver  noise  factor 
Frequency-hopping 

Highest  baseband  modulating  frequency,  in  Hz 

Highest  modulating  frequency  of  an  interfering  FDM/FM 
signal,  in  Hz 
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FHSS  = Frequency-hopping  spread-spectrum 

F^  = Lowest  baseband  modulating  frequency,  in  Hz 

F'^  = Lowest  modulating  frequency  of  an  interfering  FDM/FM 

signal,  in  Hz 

f^  = Lower  3-dB  cutoff  frequency  of  the  standard  FDM  audio 

channel,  normally  300  Hz,  in  Hz 

FM  = Frequency  modulation 

f = Noise  factor  associated  with  the  mth  stage 

f = Carrier  frequency  of  an  interfering  signal 

FSVM  = Frequency  selective  voltmeter 

I = Average  power  of  the  interfering  signal,  in  dBm 

I = Peak  power  of  the  interfering  signal,  in  dBm 

IF  = Intermediate  frequency 

INTELSAT  = International  Telecommunications  Satellite  Consortium 

k = Boltzmann's  constant  = 1.38  x 10~23  joules  per  Kelvin 


LOS  = Line-of-sight 

m = RMS  modulation  index  of  the  FDM/FM  signal 

m'  = RMS  modulation  index  of  an  interfering  FDM/FM  signal 

MINIT  = Minimum  interference  threshold 


n = Noise  power,  in  watts 

n = Number  of  active  FDM  channels 

a 

ND  = Barrage  or  spot  noise  3-dB  bandwidth,  in  Hz 

D 


NBFM  = Narrowband  frequency  modulation 
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(NPR) 


CS 


(NPR) 


DC 


(NPR) 


IC 


BAM 

PB50 


ch 

Pd 

PG 


PG 


BAM 


PG 


BSN 


PG 


CW 


PG 


FM 


Noise  power  ratio 

Noise  power  ratio  due  to  the  continuous  portions  of 
the  desired  and  interfering  FDM/FM  spectra 

Noise  power  ratio  due  to  the  residual  carrier  of  the 
FDM/FM  desired  signal 

Noise  power  ratio  due  to  the  residual  carrier  of  the 
FDM/FM  interfering  signal  on  the  desired  signal 

Total  number  of  FDM  baseband  channels 

Maximum  average  power  of  an  ECM  noise  interference 
signal,  in  watts 

Average  power  of  an  AM  barrage  noise  signal,  in  watts 
Phonetically  balanced  50-word  list 
Per-channel  noise- loading  power,  in  dBmO 
Power  density  of  a barrage  noise  signal,  in  watts/Hz 
Processing  gain 

FDM/FM  receiver  processing  gain  to  barrage  amplitude- 
modulated  noise  interference,  in  dB 

FDM/FM  receiver  processing  gain  for  barrage  and  spot 
noise  interference,  in  dB 

FDM/FM  receiver  processing  gain  for  a CW  interfering 
signal,  in  dB 

FDM/FM  receiver  processing  gain  for  an  FM  interfering 
signal,  in  dB 


PG^  = FDM/FM  receiver  processing  gain  for  Gaussian  noise 

interference,  in  dB 

PGpBN  = FDM/FM  receiver  processing  gain  for  a pulse-modulated 

1 barrage  noise  signal,  in  dB 
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PG<,pM  = FDM/FM  receiver  processing  gain  for  a swept-spot  noise 
1 signal,  in  dB 

= Baseband  mean  white-noise-loading  power,  in  dBmO 
PN  = Pseudonoise 

PpR  = Average  power  of  a pulse-modulated  barrage  noise  signal, 

in  watts 

P = Residual  carrier  power  as  a fraction  of  the  total  car- 

KL 

rier  power,  in  dB 

PRF  = Pulse  repetition  frequency,  in  pps 

PW  = Pulsewidth 


pWp 

pWOp 

P(x) 

R 

c 

RF 

RMS 

R (0) 

SI  NAD 


S/N 


Psophometric-weighted  noise  power,  in  picowatts 

pWp  at  a point  of  zero  relative  level 

Noise-power  density  spectrum  of  the  FDM/FM  signal  as  a 
fraction  of  the  carrier  power,  in  Hz-1 

Chirp  rate 

Radio  frequency 

Root  mean  square 

Average  power  in  a phase-modulating  baseband  signal 

When  no  interference  is  added  to  the  receiver,  it  re- 
presents the  ratio  of  the  audio  output  signal  plus  noise 
plus  distortion  to  noise  plus  distortion,  (S  «•  N + D)/ 

(N  + D).  When  interference  is  added  to  the  receiver,  it 
represents  the  ratio  of  the  signal  plus  noise  plus  dis- 
tortion plus  interference  to  noise  plus  distortion  plus 
interference,  (S  + N + D + I)/(N  + D + I) 

Audio  output  (test  channel)  test  tone-to-noise  power 
ratio,  in  dB 

Channel  output  test  tone-to-noise  power  ratio 
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SR 

SS 

ST 

SW 

Vf) 

S.(f) 

TA 

T 

FM 

TLP 

T 

m 

TS 

TTL 

TV 

TWS 

UPL 

VIAS 

WF 

x 

X1 

Y (x) 


GLOSSARY  (Continued) 

Sweep  rate  of  a swept-spot  noise  signal,  in  sweeps/second 
Spread- spectrum 

Sweep  time  of  swept-spot  noise  interference,  in  seconds 

Sweep  width  of  swept-spot  noise  interference,  in  Hz 

Power  spectral  density  of  the  phase-modulating  baseband 
signal 

Power  spectral  density  of  the  frequency-modulating  base- 
band signal 

Antenna  effective  noise  temperature,  in  Kelvin 
FM  improvement  threshold,  in  dBm 
Transmission  level  point 

Noise  temperature  (referred  to  its  input)  of  the  mth 
stage,  in  Kelvin 

System  noise  temperature,  in  Kelvin 
Test  tone  level,  in  dB 
Television 

Time  waveform  simulation 
Upper  performance  level 
Voice  intelligibility  analysis  set 
Weighting  factor,  in  dB 

f/FH 

fl/fh 

Power  spectrum  of  the  FDM/FM  signal  relative  to  the  carrier 
power,  in  dB 
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Af  = Frequency  difference  between  the  desired  FDM/FM  carrier 
frequency  and  the  interference  signal  carrier  frequency, 
in  Hz 

a = Standard  deviation  (RMS  voltage)  of  the  Gaussian  distri- 

bution 

a (f)  = Normalized  power  spectral  density  of  a phase-modulating 

signal 

a* (f)  = Normalized  power  spectral  density  of  the  frequency-modu- 

lating signal 

a (f)  = Normalized  lowpass  equivalent  power  spectral  density  of 
yo  a phase-modulated  signal 


= Effective  transient  width  at  IF  output  of  FDM/FM  receiver 
produced  by  a swept-spot  noise  interference  signal,  in 
seconds 
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SECTION  1 
INTRODUCTION 

BACKGROUND 


The  Electromagnetic  Compatibility  Analysis  Center  (ECAC)  is 
engaged  in  a continuing  effort  to  develop  theoretical  and/or 
empirical  models  of  the  performance  of  certain  types  of  communi- 
cation systems  when  subjected  to  various  types  of  interference. 

The  communication  systems  of  interest  include: 

1.  Amplitude  modulation  (AM) 

a.  Voice 

b.  Analog 

c.  Digital 

2.  Television  (TV) 

3.  Angle  modulation 

a.  Voice  (narrowband  and  wideband) 

b.  Analog 

c.  Digital 

4.  Frequency  division  multiplex  - FM  (FDM/FM) 

a.  Voice 

b.  Analog 

c.  Digital. 

The  performance  degradation  effects  of  pulsed  interference  to 
amplitude  modulation  (AM),  television  (TV)  and  narrowband  FM  (NBFM) 
receivers  were  previously  reported.1’2’3 

^atch,  W. , Hinkle,  R. , and  Mayher,  R. , Analysis  of  Pulsed  Inter- 
ference to  Amplitude  Modulated  Receivers,  ESD-TR-70-207,  ECAC, 
Annapolis,  MD,  December  1970. 

2Conklin,  S. , Analysis  of  Pulsed  Interference  to  Television  Re- 
ceivers, ESD-TR-7S-079,  ECAC,  Annapolis,  MD,  October  1974. 

3Hernandez,  A.,  Investigation  of  Pulsed  Interference  to  Narrow- 
band  FM  Receivers , ESD-TR-75-023,  ECAC,  Annapolis,  MD,  January 
1976. 
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The  investigation  reported  herein  is  part  of  the  ECAC  effort 
to  formulate  methods  to  analyze  the  performance  degradation  effects 
produced  by  various  types  of  interfering  signals  on  FDM/FM  radio 
relay  systems. 

OBJECTIVES 

The  overall  objective  of  the  FDM/FM  Wideband  Radio  Relay  De- 
gradation investigation  was  to  develop  a capability  for  predicting 
the  performance  of  FDM/FM  systems  operating  in  the  presence  of  in- 
terference. The  specific  objectives  were: 

1.  To  develop  and  validate  a computerized  model  for 
determining  the  manner  in  which  various  types  of  interference  sig- 
nals affect  the  performance  of  narrowband  and  wideband  FDM/FM 
radio  relay  communication  systems 

2.  To  obtain,  through  measurements  and  analyses,  the 
system  transfer  functions  that  describe  the  performance  of  FDM/FM 
systems  as  a function  of  the  RF  input  desired  signal  plus  inter- 
ference plus  noise  conditions 

3.  To  compile  information  on  FDM/FM  systems  (i.e., 
modulation  characteristics,  baseband  noise- loading  techniques, 
emission  spectrum  synthesis  techniques,  etc.)  to  facilitate  per- 
forming degradation  analyses  for  FDM/FM  systems. 

APPROACH 


The  FDM/FM  investigation  was  divided  into  two  different  but 
simultaneous  efforts,  one  involving  a detailed  measurements  pro- 
gram and  the  other  entailing  the  development  of  a computerized 


FDM/FM  receiver  simulation  model.  The  measurements  program,  which 
was  conducted  at  the  U.S.  Army  Electronic  Proving  Ground  (USAEPG) , 

Fort  Hnachuca.  Arizona,  was  divided  into  two  maior  nhases.  Phasp  T 
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consisted  of  MIL-STD-449(D)4  parameter  measurements  which  were 
made  to  obtain  the  receiver  and  transmitter  characteristics 
(i.e.,  dynamic  range,  IF  selectivity,  etc.)  of  both  a 600-chan- 
nel  and  a 1200-channel  FDM/FM  microwave  system.  Phase  II  con- 
sisted of  performance  degradation  measurements  which  were  made 
to  evaluate  the  degradation  effects  of  various  types  of  inter- 
ference signals  (i.e.,  pulse,  FDM/FM,  noise,  etc.)  on  the  per- 
formance of  a 600-channel  FDM/FM  microwave  system.  The  Phase  I 
and  Phase  II  measurements  were  conducted  on  a GTE  Lenkurt  78A2 
microwave  radio  with  46A2  carrier  multiplex  equipment. 

The  development  of  the  FDM/FM  receiver  model  involved  the 
extension  of  ECAC's  computerized  time  waveform  simulation  (TWS) 


methods  to  the  problem  of  simulating  the  FDM/FM  receiver  system 
and  the  desired  and  undesired  signals.  The  FDM/FM  TWS  model 
that  was  developed  as  part  of  this  effort  represents  a tool  for 
determining  the  manner  in  which  various  types  of  interference 
signals  affect  the  performance  of  FDM/FM  radio  relay  communica- 
tion systems. 

The  data  from  the  measurements  program  was  analyzed  and 
the  results  were  used  to  develop  receiver  performance  transfer 
functions.  These  transfer  functions,  in  turn,  were  compared 
with  predicted  transfer  function  data  from  the  FDM/FM  TWS  model 
for  the  purpose  of  validating  the  FDM/FM  TWS  model.  The  theo- 
retical details  of  the  FDM/FM  TWS  model  (Objective  1),  including 
the  model  validation,  were  documented  in  a separate  report.5 


4Military  Standard,  Radio  Frequency  Spectrum,  Measurements  of, 
MIL-STD-449(D) , February  1973. 

aSome  of  the  measurement  methodologies  developed  during  the 
FDM/FM  measurements  are  currently  being  used  to  update  MIL-STD 
449(D). 


sHernandez,  A.  A.,  Lewis,  C.  E. , A Model  for  Time  Waveform  Sim- 
ulation of  FDM/FM  Receivers,  ECAC-UM-78-018,  ECAC,  Annapolis, 
MD,  November  1978. 
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The  results  of  the  efforts  performed  in  meeting  the  second  and 
third  objectives,  including  the  measurement  procedures,  are 
documented  in  the  various  sections  and  appendixes  of  this  re- 
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SECTION  2 

DESCRIPTION  OF  MEASUREMENTS 

.An  extensive  measurements  program  was  conducted  in  support  of 
the  FDM/FM  radio  relay  performance  degradation  investigation. 

These  measurements  were  made  to  acquire  the  system  parameter  data 
and  the  performance  degradation  data  necessary  for  developing  the 
receiver  transfer  functions. 

The  measurements  program  was  divided  into  two  major  phases. 
Phase  I consisted  of  MIL-STD-449 (D)  (Reference  4)  closed  system 
receiver  and  transmitter  parameter  measurements  conducted  on  both 
a 600-channel  and  a 1200-channel  FDM/FM  system.  Phase  II  consisted 
of  detailed  closed  system  performance  degradation  tests  conducted 
on  a 600-channel  FDM/FM  system.  Noise  power  ratio  (NPR)  measure- 
ments were  made  prior  to  commencing  the  Phase  I testing  to  confirm 
that  the  FDM/FM  systems  were  operating  within  manufacturer  speci- 
fications. 

WIDEBAND  FDM/FM  MICROWAVE  SYSTEM  DESCRIPTION 


Two  systems  were  tested  during  the  Phase  I and  Phase  II  mea- 
surements. One  system  consisted  of  a GTE  Lenkurt  78A2  FDM/FM 
microwave  radio  with  46A2  carrier  multiplex  equipment  configured 
for  600-channel  operation.  The  other  system  consisted  of  a GTE 
Lenkurt  78A2  FDM/FM  microwave  radio  configured  for  1200-channel 
operation. 

The  78A2  microwave  radio  is  an  all-solid-state  FDM/FM  system 
operating  in  the  5.925-  to  6.425-GHz  telephone  common  carrier 
frequency  band.  All  measurements  involving  the  600-channel  system 
were  conducted  on  a tuned  frequency  of  6582.6  MHz.  The  1200-chan- 
nel  system  was  operated  on  a tuned  frequency  of  5982.3-MHz.  The 
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microwave  radio  system  is  comprised  of  a 778A2  microwave  radio 
assembly  and  a 758B  baseband  assembly.  The  block  diagrams6  of 
the  778A2  microwave  radio  transmitter  and  receiver  assemblies  are 
illustrated  in  Figures  1 and  2,  respectively. 

The  GTE  Lenkurt  46A2  Carrier  Multiplex  is  a fully  transis- 
torized, single-sideband,  suppressed-carrier  system  employing  a 
modulation  plan  which  is  compatible  with  other  systems  meeting  the 
International  Telephone  and  Telegraph  Consultative  Committee  (CCITT) 
recommendations.  The  modulation  plan  of  the  600-channel  46A2  car- 
rier multiplex  used  in  the  measurements  is  illustrated  in  Figure  3. 

NOISE  POWER  RATIO  MEASUREMENTS 

NPR  measurements  were  conducted  on  both  the  600-channel  and 
the  1200-channel  FDM/FM  systems  prior  to  commencing  the  Phase  1 
testing  to  determine  both  the  idle  (intrinsic)  noise  level  and  the 
idle  plus  intermodulation  (IM)  noise  level  of  these  two  FDM/FM 
microwave  systems.  The  measured  noise  levels  were  compared  with 
the  manufacturer's  recommended  noise  levels  to  determine  if  the 
system  under  test  met  the  recommended  noise  performance  criteria. 

The  NPR  measurement  technique  will  be  discussed  next. 

White  Noise  Testing  Theory 

The  NPR  is  a common  unit  of  noise  testing  and  is  defined  by 
Tant7  as  the  decibel  ratio  of  the  noise  level  in  a measuring  chan- 
nel with  the  baseband  fully  noise- loaded  to  the  level  in  that  chan- 
nel with  all  of  the  baseband  noise-loaded  except  the  measuring  chan- 
nel. The  NPR  measurement  technique  is  illustrated  in  Figure  4. 

6 Ail  Solid-State  Microwave  Radio',  GTE  Lenkurt,  78A2,  Issue  Two, 
August  1971. 

7Tant,  M.  J. , Multichannel  Communication  Systems  and  White  Noise 
Testing,  Marconi  Instruments,  New  Jersey,  July  1974. 


Figure  1.  Block  diagram  of  the  GTE  Lenkurt  778A2  transmitter  assembly. 


Figure  2.  Block  diagram  of  the  GTE  Lenkurt  778A2  receiver  assembly. 
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The  noise  power  density  required  to  load  the  FDM/FM  system 
baseband  for  white  noi'se  testing  is  related  to  both  the  nominal 
channel  capacity  and  the  type  of  information  being  represented. 
Figure  5 illustrates  the  power,  in  dBmO,  required  to  noise-load 
(simulate)  the  FDM  baseband  as  a function  of  system  channel 
capacity  for  both  speech  and  data  information  (Reference  7). 

The  mean  white  noise  power  level  needed  to  simulate  speech 
or  data  loading  for  99%  of  the  busy  hour  and  a given  system  chan- 
nel capacity  can  also  be  derived  from  the  following  equations: 

Speech  loading,  N < 240  channels 

Pch  = -1  - 6 log  Nt  (1) 

Speech  loading,  N 240  channels 

Pm  = -IS  + 10  log  N (2) 

Speech  loading,  12  < N < 240  channels 

P = -1  + 4 log  N (3) 

m 6 t 

Data  loading,  N > 12  channels 

P = -10  + 10  log  N (4) 

m t 

where 

Pc^  = per-channel  noise- loading  power,  in  dBmO 

P = baseband  mean  white-noise- loading  power, 

in  dBmO 

N = number  of  channels. 

Equations  1 through  4 are  the  internationally  agreed  equi- 
valent noise- loading  levels  and  are  quoted  by  CCIR,  CCITT,  DCA, 
INTELSAT,  etc.  A slightly  different  loading  formula  which  was 
established  by  the  Bell  Systems  is  given  by: 


11 
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Speech  loading,  Nt  240  channels 

P = -16  + 10  log  N , in  dBmO  (5) 

m & t v J 

This  equation  represents  1 dB  lighter  loading  than  Equation  2,  and 
reflects  a reduction  in  talker  volumes  from  previous  values. 

The  Defense  Communications  Agency  (DCA)  is  currently  speci- 
fying that  "it  shall  be  a design  objective  that  all  multichannel 
communication  equipment”  (for  U.S.  military  systems)  "be  designed 
for  100%  digital  data  loading."  This  type  of  loading,  which  is 
given  by  Equation  4,  allows  essentially  unrestricted  use  of  data. 


NOMINAL  SYSTEM  CAPACITY  • CHANNELS 


Figure  5.  Required  baseband  noise  power  levels  as  a function  of 
nominal  channel  capacity. 
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Composite  Speech  and  Data  Loading 

For  those  cases  in  which  a system  is  carrying  relatively 
large  numbers  of  data  and  speech  channels  simultaneously,  the 
equivalent  noise  loading  becomes  more  complex.  In  this  case,  it 
is  customary  to  calculate  separately  the  equivalent  RMS  loading 
for  the  data  and  speech  channels  and  then  to  sum  the  two  on  a 
power  basis  to  obtain  the  composite  white-noise-loading  power. 

NPR  Measurement  Procedure 


The  test  setup  used  in  the  NPR  measurements  is  shown  in 
Figure  6.  The  following  procedure  was  used  to  perform  these  mea- 
surements. 

600-Channel  System 

1.  The  78A2  Lenkurt  system  was  configured  for  a 
600-channel  capacity  and  operated  on  a radio 
frequency  (RF)  of  6382.6  MHz.  This  system 
was  set  up  and  aligned  in  accordance  with 
Lenkurt  procedures. 

2.  The  measurement  configuration  as  shown  in 
Figure  6 was  set  up  for  NPR  measurements. 

The  test  tone  level  (TTL)  at  both  the  trans- 
mitter baseband  input  and  the  receiver  base- 
band output  was  -25.0  dB. 

3.  The  noise  transmitter  was  set  up  with  a 60- 
kHz  high  pass,  a 2660-kHz  low  pass,  a 70- 
kHz  band  stop  and  a 2438-kHz  band  stop  fil- 
ter. The  noise  receiver  had  a 70-kHz  band- 
pass and  a 2438-kHz  bandpass  filter. 


4.  The  output  of  the  noise  transmitter  was  ad- 
justed for  a 12.8-dBmO  level  with  the  high 
pass  and  low  pass  filters  inserted.  The  RF 
input  level  to  the  778A2  receiver  was  set 
at  -36  dBm. 

5.  The  70-kHz  bandpass  filter  in  the  noise  re- 
ceiver was  inserted  and  a 0 dB  reference 
level  established  on  the  noise  receiver. 

The  70-kHz  band  stop  filter  was  inserted 

in  the  noise  transmitter  and  the  attenuators 
on  the  noise  receiver  adjusted  to  reestab- 
lish the  reference  level.  The  change  in  at- 
tenuation from  the  reference  level  repre- 
sented the  idle-noise  plus  intermodulation- 
noise  NPR.  The  input  to  the  transmitter 
baseband  was  removed  and  replaced  with  a 
75-ohm  termination.  The  attenuators  on  the 
noise  receiver  were  adjusted  to  reestablish 
the  reference  level.  The  change  in  attenu- 
ation from  the  reference  level  represented 
the  idle-noise  NPR.  The  above  measurements 
were  repeated  using  the  2438-kHz  band  stop 
and  bandpass  filters  in  the  noise  transmitter 
and  noise  receiver,  respectively. 

1200-Channel  System 


1.  The  78A2  Lenkurt  system  was  configured  for 
1200-channel  capacity  and  operated  on  a 
radio  frequency  of  5982.3  MHz.  This  system 
was  set  up  and  aligned  in  accordance  with 
Lenkurt  procedures. 
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2.  Same  as  Step  2 in  600-channel  system. 

3.  The  noise  transmitter  was  set  up  with  a 60- 
kHz  high  pass  filter,  a 5600-kHz  low  pass 
filter,  a 70-kHz,  534  kHz,  1248-kHz,  2438- 
kHz  and  a 5340-kHz  bandstop  filter.  The 
noise  receiver  had  a 70-kHz,  534-kHz,  1248- 
kHz,  2438-kHz  and  a 5340-kHz  bandpass  filter. 

4.  The  output  of  the  noise  transmitter  was  ad- 
justed for  a 15.8-dBmO  level  with  the  high 
pass  and  low  pass  filters  inserted.  The  RF 
input  level  to  the  778A2  receiver  was  set 
at  -30  dBm. 

5.  Same  as  Step  5 in  600-channel  system  except 
that  the  measurements  were  repeated  using 
the  534-kHz,  1248-kHz,  2438-kHz  and  5340- 
kHz  band  stop  and  bandpass  filters. 

After  measuring  the  NPR's  for  both  systems,  corresponding 
values  of  C-message-weighted  noise  and  psophometric-weighted 
noise  were  calculated  using  the  following  equations: 


dBmcO 

= 71.7  - NPR,  N 1 240  channels  ( 

where 

dBmcO 

= C-message-weighted  noise  referenced  to 

a zero  dBmO  test  point,  in  dB 

NPR 

= Noise  power  ratio,  in  dB 

dBmcO 

= 10  log  pWOp  ( 

where 

pWOp 

= psophometric-weighted  noise  referenced 
to  a zero  dBmO  test  point,  in  picowatts. 

16 
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The  conversions  given  by  Equation  6 are  within  0.3  dB  for 
conventional  loading  and  channel  capacity  greater  than  or  equal 
to  240  channels. 

The  measured  and  calculated  noise  performance  levels  for 
both  the  600-channel  and  1200-channel  systems  are  presented  in 
TABLES  1 and  2,  respectively.  Also  shown  in  these  tables  are 
the  noise  performance  levels  recommended  by  GTE  Lenkurt.3  The 
results  shown  in  TABLE  1 and  TABLE  2 indicate  that  the  noise 
performance  levels  of  the  systems  tested  were  better  than  the 
manufacturer's  recommended  noise  performance  levels. 

The  NPR  measurements  were  followed  by  MIL-STD-449 (D)  para- 
meter measurements  on  both  systems.  These  measurements  are 
discussed  next. 

SYSTEM  PARAMETER  MEASUREMENTS 

MIL-STD-449 (D)  (Reference  4)  transmitter  and  receiver  para- 
meter measurements  were  made  to  obtain  the  characteristics  (i.e., 
RF  selectivity,  IF  selectivity,  dynamic  range,  modulator  band- 
width, etc.)  of  both  the  600-channel  and  the  1200-channel  FDM/FM 
microwave  systems. 

Transmitter  Measurements 


The  following  transmitter  characteristics  were  measured: 

1.  Modulator  bandwidth 

2.  Modulation  characteristics 

3.  Power  output 


9"GTE  Lenkurt  78A2/B2  Solid  State  Microwave  System  (System  Noise 
Measurements),"  GTE  Practices,  Section  394-781-681,  Issue  Two, 
January  1975. 
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4.  Carrier  frequency  stability 

5.  Conducted  emission  spectrum  characteristics  (nar- 
row bandwidth) 

6.  Conducted  emission  spectrum  characteristics  (wide 

bandwidth) 

7.  Intermodulation. 

Receiver  Measurements 

The  following  receiver  characteristics  were  measured: 

1.  Sensitivity 

2.  Dynamic  range 

3.  Audio  selectivity 

4.  RF  and  IF  selectivity 

5.  Conducted  spurious  responses 

6.  Intermodulation 

7.  Oscillator  emission 

8.  Adjacent  signal  interference 

9.  Discriminator  bandwidth. 

The  test  setup  and  procedures  used  to  perform  these  measure- 
ments together  with  the  measured  data  are  documented  in  Volume  1 
of  ECAC's  Wideband  FDM/FM  Measurements  Handbook.9  The  results  of 
the  transmitter  and  receiver  parameter  measurements  (i.e.,  selec- 
tivity plots,  emission  spectrum  photographs,  etc.)  are  documented 
in  APPENDIX  A. 


ESD-TR- 79-100 


Section  2 


PERFORMANCE  DEGRADATION  MEASUREMENTS 


Detailed  performance  degradation  measurements  were  made  to 
evaluate  the  degradation  effects  of  various  types  of  interfering 
signals  on  the  performance  of  the  600-channel  Lenkurt  78A2/46A2 
FDM/FM  system. 


The  following  interfering  signals  were  used  in  this  inves- 
tigation: 

1.  Noise 

2.  CW 

3.  FM 

4.  FDM/FM 

5.  Pulsed  (chirped  and  nonchirped) 

6.  Spread-spectrum 

a.  Direct-sequence 

b.  Frequency- hopping 

7.  ECM  (jamming) 

a.  Barrage  and  spot  noise 

b.  AM  barrage  noise 

c.  Swept-spot  noise 

d.  Pulse- modulated  barrage  noise. 


The  performance  degradation  measurments  setup,  generalized 
measurement  procedure  and  channel  output  performance  measures 
will  be  described  in  the  remainder  of  this  section.  The  measured 
data  are  documented  in  Volumes  2 thorugh  8 of  ECAC's  Wideband 
FDM/FM  Measurements  Handbook.10 


10Hemandez,  A.,  Lenkurt  Wideband  FDM/FM  Measurements  Handbook 
(Volumes  2 through  8),  ECAC-HDBK-77-041-2  through  ECAC-HDBK- 
77-041-8,  ECAC,  Annapolis,  MD,  May  1978.  NOTE:  This  is  ori- 
ginal data  as  received  from  test  agency  and  only  one  copy  of 
this  data  exists. 
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MEASUREMENT  SETUP  AND  PROCEDURES 


A block  diagram  of  the  performance  degradation  measurement 
setup  is  shown  in  Figure  7.  The  following  is  a summary  of  the 
generalized  measurement  procedure  used  with  each  of  the  inter- 
fering signals: 


1.  The  power  of  the  desired  FDM/FM  signal  at  the 
receiver  RF  input  was  adjusted  to  the  level  specified  for  use 
with  the  particular  interference  source. 

2.  The  interfering  signal  parameters  were  adjusted 
to  one  of  the  combinations  specified  for  the  particular  inter- 
ference source. 

3.  The  articulation  index  (AI)  upper  performance  level 
(UPL)  was  measured  (with  the  interfering  signal  turned  off)  using 
the  950  Hz  VIAS  test  tone  to  modulate  the  transmitter  test  channel. 

4.  With  the  interfering  signal  still  turned  off,  the 
channel  output  (S+N+D)/ (N+D)  and  the  channel  output  C-message- 
weighted  noise  were  measured.  For  the  (S+N+D)/)N+D)  measurements, 
the  950  Hz  VIAS  test  tone  was  replaced  by  a 1000  Hz  low  distortion 
(<_  0.1  percent)  test  tone.  For  the  C-message-weighted  noise  mea- 
surements, the  test  channel  modulation  was  removed  and  the  multi- 
plex test  channel  input  was  terminated  in  600  ohms. 

5.  With  the  test  channel  modulation  turned  off,  the 
interfering  signal  was  turned  on  at  a low  RF  input  power  level. 

The  interfering  signal  power  level  (I)  was  then  increased  until 
a just  noticeable  increase  in  audio  output  noise  level  was  heard 
independently  by  two  listeners.  The  desired  FDM/FM  signal  and 


£ 

Throughout  this  report  C/I  will  be  used  to  specify  RF  input  levels, 
and  S/N,  (S+N+D) / (N+D)  and  (S+N+D+I)/ (N+D+I)  will  be  used  to 
specify  baseband  or  channel  output  levels.  The  (S+N+D) / (N+D) 
and  (S+N+D+I)/ (N+D+I)  power  ratios  are  often  referred  to  as  the 
channel  output  SINAD. 
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Figure  7.  Performance  degradation  measurement  setup. 
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the  interfering  signal  RF  input  power  levels  were  then  recorded  for 
each  listener.  The  average  of  the  two  levels  was  recorded  as  the 
minimum  interference  threshold  (MINIT)  for  that  particular  interferer. 

6.  Measurements  of  AI,  (S+N'+D+I)/(N+D+I)  and  C-message- 
weighted  noise  were  made  for  the  RF  input  power  ratio  (C/I)  corre- 
sponding to  the  MINIT  (Step  5).  Articulation  score  (AS)  measurements 
were  also  made  for  the  on-tune,  continuous -type  interfering  signals. 

7.  The  interfering  signal  power  level  was  increased  until 
a 3 dB  decrease  in  the  channel  output  (S+N+D+l)/ rN+D+I)  was  obtained. 


The  measurements  outlined  in  Step  6 were  repeated  for  the  new  RF  in- 


put (C/I)  power  ratio. 

8.  Step  7 was  repeated  for  a full  range  of  RF  input  C/I 
power  ratios  to  obtain  the  complete  power  transfer  characteristics 
of  the  system. 

9.  Steps  1 through  8 were  repeated  for  the  remaining  in- 
terfering and  desired  signal  parameter  combinations  specified  for 
use  with  the  particular  interfering  signal. 

10.  Steps  1 through  9 were  repeated  for  the  remaining  in- 
terfering signals. 

The  performance  degradation  measurements  outlined  in  Steps  1 
through  10  were  conducted  at  a low,  middle  and  high  test  channel. 
The  low  test  channel  was  located  in  supergroup  2,  group  carrier  1 
(340-344  kHz),  the  middle  test  channel  in  supergroup  5,  group  car- 
rier 2 (1244-1248  kHz)  and  the  high  test  channel  in  supergroup  10, 
group  carrier  3 (2432-2436  kHz). 

AUDIO  OUTPUT  PERFORMANCE  MEASURES 

AI,  AS,  C-message-weighted  noise,  and  SINAD  were  the  audio 
output  measures  used  to  evaluate  the  performance  of  the  600-chan- 
nel FDM/FM  system.  The  theoretical  details  of  these  audio  output 
performance  measures  are  included  herein  as  part  of  APPENDIX  B. 


SMNhmk  - 
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RECEIVER  TRANSFER  FUNCTIONS 


The  measured  channel  output  performance  data  were  used  to 
develop  two  types  of  receiver  transfer  functions.  One  type  of 
transfer  function  relates  the  various  types  of  channel  output 
performance  measures  to  each  other  (i.e.,  AS  vs.  AI  and  AI  vs. 
channel  output  test  tone-to-noise  power  ratio).  The  empiri- 
cally developed  AS  vs.  AI  and  AI  vs.  S/N  transfer  functions  are 
included  herein  as  part  of  APPENDIX  B. 

The  other  type  of  transfer  function  relates  the  channel 
output  performance  (i.e.,  weighted  noise,  test  tone-to-noise 
power  ratio,  etc.)  to  the  RF  input  carrier-to-interference 
power  ratio.  The  input/output  transfer  functions  that  were 
derived  for  the  various  types  of  interference  signals  used  in 
the  measurements  are  presented  in  the  remaining  sections  of 
this  report.  Various  parameters  and  techniques  used  to  develop 
the  receiver  transfer  functions  are  discussed  next. 
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SECTION  3 

FDM/FM  PARAMETERS  AND  EMISSION  SPECTRUM 

DEFINITION  OF  USEFUL  PARAMETERS 


A number  of  FDM/FM  parameters  are  often  needed  when  performing 
degradation  analyses  for  FDM/FM  systems.  While  some  of  these  para- 
meters are  often  included  in  the  equipment  specifications,  others 
are  not,  and  therefore  have  to  be  calculated  from  the  available  in- 
formation. The  parameters  for  various  capacity  FDM/FM  systems  as 
specified  by  the  CCIR  and  DCA1 11  are  given  in  TABLE  3.  Methods  for 
calculating  these  parameters  will  be  discussed  next. 

Test  Tone  Deviation  Per  Channel 


As  a point  of  departure  it  is  worth  noting  that  the  equipment 
manufacturer  almost  always  specifies  the  RMS  deviation  that  will 
be  developed  in  the  radio  equipment  by  a 0-dBm  test  tone  at  a point 
of  zero  relative  level.  For  systems  with  no  emphasis,  the  speci- 
fied per-channel  deviation  will  be  constant  throughout  the  base- 
band. For  systems  with  emphasis,  however,  the  specified  per-chan- 
nel RMS  deviation  is  not  constant,  with  the  specified  deviation 
occurring  only  at  the  baseband  frequency  which  corresponds  to  the 
crossover  point  between  the  preemphasis  and  deemphasis  transfer 
functions  (0.608  F for  CCIR  emphasis  where  Fu  is  the  maximum  base- 
band  frequency.)  This  is  discussed  further  in  Section  4. 

The  per-channel  peak  deviation  for  a signal  of  test  tone 
level  can  be  calculated  from  the  per  channel  RMS  deviation  as: 


1 '-Military  Communication  System  Technical  Standards,  MIL-STD-1S8 

Series. 
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TABLE  3 

PARAMETERS  OF  CCIR  AND  DCA  FDM/FM  SYSTEMS 
(Page  1 of  2) 


Number 

Channels 

Baseband 

drms 

D 

rms 

PRC  d 

Brf  (kHz) 

User 

Nt 

(kHz) 

(kHz)a 

(kHz)“ 

mc 

(dB)d 

(12  dB  Peak  Factor)* 

Group 

12 

12-60 

90 

132 

2.2 

Negligible 

1176.0 

60-108 

132 

1.22 

-11.6 

1272.0 

24 

12-108 

25 

58.9 

0.55 

-11.6 

687.2 

60 

12-2S2 

50 

101.0 

0.40 

-14.7 

1312.0 

60-300 

100 

202.0 

0.67 

- 9.8 

2216.0 

H 

200 

404.1 

1.35 

-40.0 

3832.8 

70 

70 

120 

12-552 

50 

116.1 

0.21 

- 8.8 

2032.8 

rn 

on 

H 

60-5S2 

100 

232.3 

0.42 

- 7.1 

2962.4 

> 

200 

464.6 

0.84 

-28.2 

4820.3 

> 

TO 

300 

60-1300 

200 

615.9 

0.47 

-21.0 

7527.2 

64-1296 

200 

615.9 

0.48 

-20 

7519.2 

3 

C/> 

600 

60-2540 

200 

871.2 

0.34 

-21.6 

12,049.6 

64-2660 

871.2 

0.33 

-19.6 

12,289.6 

960 

60-4028 

200 

1103.6 

0.27 

-22.2 

16,884.8 

1260 

60-5564 

140 

884.7 

0.16 

-10.7 

18,205.6 

60-5636 

200 

1263.8 

0.22 

-20.5 

21,382.4 

1800 

316-3204 

140 

1056.6 

0.13 

- 1.9 

24,860.8 

2700 

312-12,388 

140 

1293.6 

0. 10 

- 1.9 

35,124.8 

316-12,388 

140 

1293.6 

0.10 

- 1.9 

35,124.8 
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TABLE  3 


(Page  2 of  2) 


Number 

Channels 

Nt 

Baseband 

(kHz) 

drms 

(kHz)a 

D 

rms  , 
(kHz)0 

c 

m 

PRC  , 
(dB)d 

Brf  (kHz) 

(12  dB  Peak  Factor)* 

User 

Group 

3 

12-24 

73 

81.1 

3.38 

696.8 

6 

12-36 

84 

107. 1 

2.98 

928.8 

C/1 

H 

Z 

m 

9 

12-48 

91 

12S.9 

2.62 

Ci 

1103.2 

C“ 

r* 

«-* 

H 

12 

12-60 

90 

131.9 

2.2 

Cl 

1176 

cn 

73 

n 

c- 

> 

24 

12-108 

125 

210.4 

1.95 

1899.2 

73 

n 

36 

12-156 

160 

292 

1.87 

2648 

Vi 

48 

12-204 

182 

351.9 

1.73 

3223.2 

72 

12-300 

232 

486.3 

1.62 

4490.4 

rms 

i 

rms 

m 


Per-channel  RMS  deviation  for  a signal  of  test  tone  level. 
FDM/FM  s gnal  RMS  deviation. 

FDM/FM  signal  RMS  modulation  index. 

Residual  carrier  power  relative  to  full  carrier  power. 
Necessary  RF  bandwidth. 


27 





IiTHKI  I 


mam 


ESD-TR-79- 100 


Section  3 


d , = /2  d 

peak  rms 

(8) 

where 

^peak  = ^’ea'<  deviation  of  the  channel  for  a signal 

of  test  tone  level,  in  Hz 


d = RMS  deviation  of  the  channel  for  a signal 
rms  6 

of  test  tone  level,  in  Hz. 


It  should  be  noted  that  the  mean  level  deviation  developed 
under  speech  and  data  loading  conditions  on  each  channel  is  de- 
pendent on  the  channel  loading  (Equations  1 through  5).  For  ex- 
ample, with  CCIR  loading,  the  mean  level  deviation  developed  under 
speech  conditions  on  each  channel  of  carriers  with  a capacity  of 
240  channels  or  greater  is  15  dB  below  the  RMS  per-channel  devia- 
tion. 


Overall  RMS  Deviation  of  the  FDM/FM  Signal 


The  mean  level  deviation  of  all  the  baseband  channels  are 
added  in  power  to  produce  an  overall  deviation  whose  RMS  value  is 
given  by: 


where 


D 

rms 


(9) 


D = Overall  RMS  deviation,  in  Hz 
rms 

d = RMS  deviation  of  the  channel  for  a signal 
rms  & 

of  test  tone  level,  in  Hz 

Pm  = Mean  white  noise  power  (Equations  2 through 
5) , in  dBmO. 
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Peak  Deviation  of  the  FDM/FM  Signal 

The  peak-to-RMS  ratio  (peak  factor)  of  the  multiplex  signal 
is  a function  of  several  factors,  including: 

1.  The  peak-to-RMS  ratio  of  the  information  in  each 

channel 

2.  The  variation  in  the  information  mean  power  levels 

3.  The  number  of  active  channels,  since  all  channels 
will  rarely  be  heavily  loaded  at  the  same  time. 


Detailed  investigations  conducted  by  Holbrook  and  Dixon  (of 
Bell  Laboratories  in  1939) 12  into  the  amplitude  distribution  of 
single  channel  and  multi-channel  basebands  have  resulted  in  the 
activity  coefficients  shown  in  TABLE  4.  The  peak  factor  is  then 
related  to  the  number  of  active  channels  according  to  Figure  8. 

A peak  factor  of  12  dB  is  often  used  with  systems  of  the  fixed 
terrestrial  service  and  is  quoted  by  the  CCIR.  The  FCC,  however, 
has  established  a peak  factor  of  11.5  dB  for  multichannel  loading 
of  12  channels  and  over  on  FM  radio  systems  of  the  fixed  terres- 
trial service.  A peak  factor  of  10  dB  is  currently  used  for  earth 
station  systems  (for  all  channel  capacities)  of  the  fixed  satel- 
lite service. 


From  this  information  the  peak  deviation  of  the  multiplexed 
signal  can  be  calculated  as: 


^peak 


^(peak  factor) /20 
rms 


(10) 


where 


D = Peak  deviation  of  the  multiplexed  signal, 

P03.K 

in  Hz 


Holbrook,  B.  D.,  and  Dixon,  J.  T. , "Load  Rating  Theory  for 
Multi-Channel  Amplifiers,"  Bell  System  Tech.  J. , Volume  18 
(October  1939),  pp.  624-644. 


1 
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D = RMS  deviation  of  the  multiplexed 
rms  r 

signal,  in  Hz 

peak  factor  = Peak-to-RMS  ratio  of  the  multiplexed 
signal,  in  dB. 


TABLE  4 

ACTIVITY  COEFFICIENTS 


Nominal  System 
Capacity  N 

Number  of  Active 
Channels  n 

a 

Activity  Coefficient 
"a/Nt 

12 

7 

0.583 

24 

11 

0.458 

36 

15 

0.417 

60 

23 

0.383 

120 

41 

0.342 

240 

76 

0.317 

300 

93 

0.310 

600 

175 

0.292 

900 

256 

0.284 

960 

272 

0.283 

1200 

335 

0.279 

1260 

351 

0.279 

1800 

493 

0.274 

2700 

728 

0.270 

RMS  Modulation  Index 


The  RMS  modulation  index  of  the  multiplexed  signal  is  given 
by: 


m 


D 

rms 


(11) 
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m = Multiplexed  signal  RMS  modulation  index 


fh  " 

Maximum  baseband  frequency. 

in  Hz. 

Residual 

Carrier 

Power 

The 

as: 

residual 

carrier  power  can  be  calculated  from 

Middleton 

where 

PRC 

10  log  £exp  - (m2/x1)J 

(12) 

PRC 

Residual  carrier  power  as  a 
total  carrier  power,  in  dB 

fraction 

of  the 

m = 

RMS  modulation  index 

X1  = 

F /F 

l'  h 

where 

= Lowest  baseband  modulation 
frequency,  in  Hz 

F^  * Maximum  baseband  modulation 
frequency,  in  Hz. 

RF  Bandwidth  Calculations 

The  necessary  RF  bandwidth  of  the  multiplexed  signal  can  be 
calculated  from  the  peak  deviation  with  the  following  approxima- 
tion: 


1 3Middletion,  D. , "The  Distribution  of  Energy  in  Randomly  Modulated 
Waves,"  Philosophical  Magazine,  42,  1951,  p.  689. 
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RF 


where 


= 2D 


peak 


2F. 


(13) 


B 


RF 


D 


peak 


The  necessary  RF  bandwidth  of  the  FDM/FM 
signal,  in  Hz 

Peak  deviation  of  the  multiplexed  signal 
in  Hz. 


SUMMARY  OF  TYPICAL  FDM/FM  PARAMETERS 


The  parameters  for  various  capacity  GTE  Lenkurt  FDM/FM  sys- 
tems of  the  type  widely  used  by  the  fixed  terrestrial  service  are 
listed  in  TABLE  5,  For  the  case  of  the  fixed  satellite  service, 
the  Intelsat  IV  transmission  parameters  are  tabulated  in  TABLE  6. 
The  parameters  given  in  TABLES  3,  5 and  6 are  representative  of 
the  extremes  that  will  be  found  when  performing  degradation 
analyses  for  FDM/FM  systems. 


POWER  SPECTRUM  OF  FDM/FM  SIGNALS 


The  power  spectral  characteristics  of  FDM/FM  signals  have 
been  investigated  by  other  authors14-20  and  measurements  have 


14Ferris,  C.  C.,  "Spectral  Characteristics  of  FDM/FM  Signals," 

IEEE  Trans.  Commun.  Technol. , Vol.  COM-16,  April  1968, 
pp.  233-238. 

15Medhurst,  R.  G.,  "RF  Bandwidth  of  Frequency-Division  Multiplex 
Systems  Using  Frequency  Modulation,"  Proc.  IRE,  Vol.  44,  No.  2, 
February  1956. 

lDMedhurst,  R.  G. , "RF  Spectra  and  Interfering  Carrier  Distortion 
in  FM  Trunk  Radio  Systems  with  Low  Modulation  Ratios,"  IRE  Trans. 
On  Communication  Systems,  Vol.  CS-9,  No.  2,  June  1961. 

17Stewart,  J.,  "The  Power  Spectrum  of  a Carrier  Frequency  Modu- 
lated by  Noise,"  Proc.  IRE,  Vol.  42,  October  1954. 

18Middleton,  D. , An  Introduction  to  Statistical  Communication 
Theory,  New  York,  McGraw  Hill,  1960. 


Common  carrier  service. 
Industrial  service. 
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TABLE  6 

INTELSAT  IV  TRANSMISSION  PARAMETERS 
(STANDARD  AND  EXPANDED) 


Nuir.beT 

Channels 

N 

t 

Fh  OcHz) 

Brf  (kHz) 

(10  dB  Peak  Factor) 

^rms 

(kHz) 

D 

rms 

(kHz) 

24  (STD) 

108.0 

2.00 

mm 

275 

36  (EXP) 

156.0 

2.25 

Efl 

307 

60  (EXP) 

252.0 

2.25 

276 

60  (STD) 

252.0 

4.00 

270 

546 

72  (EXP) 

300.0 

4.50 

294 

616 

96  (EXP) 

408.0 

4.50 

263 

584 

132  (EXP) 

552.0 

4.40 

223 

529 

96  (STD) 

408.0 

5.90 

360 

799 

132  (EXP) 

552.0 

6.75 

376 

891 

192  (EXP) 

804.0 

6.40 

397 

758 

132  (STD) 

552.0 

7.50 

430 

1020 

192  (EXP) 

804.0 

9.00 

457 

1167 

252  (EXP) 

1052.0 

8.50 

358 

1009 

2S2  (STD) 

1052.0 

12.40 

577 

1627 

312  (EXP) 

1300.0 

13.50 

546 

1716 

432  (EXP) 

1796.0 

15.75 

517 

1919 

432  (EXP) 

1796.0 

18.0 

616 

2276 

432  (STD) 

1796.0 

20.7 

729 

2688 

972  (STD) 

4028.0 

36.0 

802 

4417 

1092  (EXP) 

4892.0 

36.0 

701 

4118 

60  (STD) 

252.0 

2.25 

136 

276 

72  (EXP) 

300.0 

2.25 

125 

261 

132  (STD) 

552.0 

4.40 

223 

529 

192  (EXP) 

804.0 

4.50 

180 

459 

192  (STD) 

804.0 

6.40 

297 

758 

2S2  (EXP) 

1052.0 

6.75 

260 

733 

252  (STD) 

1052.0 

8.50 

358 

1009 

312  (EXP)*1" 

1300.0 

9.00 

320 

100S 

432  (STD) 

1796.0 

13.00 

401 

1479 

612  (STD) 

2540.0 

17.8 

454 

1996 

792  (EXP) 

3284.0 

18.0 

356 

1784 

792  (STD) 

3284.0 

22.4 

499 

2494 

972  (EXP) 

4028.0 

22.5 

410 

2274 

1872  (STD) 

8120.0 

36.0 

419 

3181 
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also  been  reported.21.22  The  usual  treatment  in  these  investiga- 
tions has  been  to  model  the  multiplexed  signal  as  an  ideally  band- 
limited  Gaussian  noise  signal.  The  bounded  continuous  spectrum 
may  then  be  approximated  for  small  values  of  RMS  modulation  index 
(s  0.3)  by  the  first  few  terms  of  an  infinite  series;  for  large 
values  of  RMS  modulation  index  (>  1.5),  the  probability  density 
function  of  the  baseband  may  be  used  to  approximate  the  continuous 
and  unbounded  spectrum  of  Gaussian  form. 


For  intermediate  RMS  modulation  index  coefficients,  two  dif- 
ferent approaches  have  generally  been  followed.  One  approach  con- 
sists of  generating  computer  approximations  of  the  FDM/FM  spectra 
by  utilizing  Abramson's23  expansion  of  the  RF  spectrum  in  convolu- 
tion terms  of  the  baseband  spectrum  (retaining  convolution  terms 
out  to  approximately  the  tenth  order).  The  other  approach  (be- 
lieved by  some  authors  to  be  the  most  reliable)  is  to  derive  the 
power  spectra  from  measurements. 

This  section  summarizes  the  approximate  formulas  for  suffi- 
ciently small  and  for  very  large  values  of  RMS  modulation 


19Hamer,  R.,  "Radio-Frequency  Interference  in  Multichannel  Tele- 
phony FM  Radio  Systems,"  Inst.,  Elec.  Eng.,  Paper  3326E, 

January  1961,  pp.  75-89. 

20Cherry,  E.  C. , and  Rivlin,  R.  S. , "Non-Linear  Distortion,  With 
Particular  Reference  to  the  Theory  of  Frequency  Modulated  Waves", 
Philosophical  Magazine,  32,  1941,  p.  265. 

21Hamer,  R.,  and  Acton,  R.  A.,  "Power  Spectrum  of  a Carrier  Modu- 
lated in  Phase  or  Frequency  by  White  Noise,"  Electronic  and 
Radio  Engineer,  Vol.  34,  1957,  p.  246. 

22Pontano,  B.  A.,  Fuenzalida,  J.  C.,  and  Chitre,  Nand  Kishore,  M. , 
"Interference  into  Angle-Modulated  Systems  Carrying  Multichannel 
Telephony  Signals,"  IEEE  Trans.  On  Communication,  Vol.  COM-21, 

No.  6,  June  1973. 

23Abramson,  N. , "Bandwidth  and  Spectra  of  Phase-and- Frequency- 
Modulated  Waves,"  IEEE  Trans,  on  Communication  Systems,  Vol. 
CS-11,  No.  4,  December  1963. 
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coefficients.  For  intermediate  values  of  RMS  modulation  coeffi- 
cients, the  results  of  both  the  theoretical  and  empirical  approach 
are  summarized. 


Small  RMS  Modulation  Index  (m  < 0.5) 


The  continuous  spectrum  for  non-preemphasized  basebands  and 
RMS  modulation  indices  less  than  approximately  0.3  is  given  by 
(Reference  20) : 


Y (x)  = 10  log  [FhP(x)]  = 10  log 


2x2(l  - x.) 


lJ-l 


for  x,  < lx  < 1 and  m2/x.  < 1 


‘ 1 - 


(14) 


where 


Y(x)  = 10  log  [FhP(x) ] 


Power  spectrum  relative 
to  carrier  power,  in  dB 

Maximum  modulation  fre- 
quency of  multiplex  signal, 
in  Hz 


P(x)  = 


Noise-power  density  of  the 
spectrum  as  a fraction  of 
the  carrier  power,  in  Hz-1 


m = 


Multiplex  signal  RMS  modu- 
lation index 


x = f/F 


H 

where 


f = frequency  rela- 
tive to  the  car- 
rier frequency, 
in  Hz 


i-i 
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= minimum  modulation  frequency  of 
multiplex  signal,  in  Hz. 

The  residual  carrier  which  corresponds  to  the  carrier  component  of 
the  spectrum  for  a single  modulating  tone  is  given  by  Equation  12. 

As  indicated,  Equation  14  is  valid  only  for  that  part  of  the 
spectrum  which  lies  within  the  frequency  limits  defined  by  plus 
and  minus  f = Fu.  Measurements  reported  by  CCIR24  and  additional 
measurements  made  by  this  author  (APPENDIX  C)  have  demonstrated 
that  the  spectra  beyond  these  limits  decay  almost  linearly  with 
x' , where  x'  = x(l//2  m) . Therefore,  the  slopes  of  the  spectra 
were  determined  from  the  plots  in  Reference  24  and  APPENDIX  C and 
used  to  derive  an  empirical  formula  which  may  be  used  to  approxi- 
mate the  spectrum  beyond. the  limits  of  Equation  14.  Thus,  beyond 
| x | = 1: 

YW  ■ 10 108 -[(£)  (U|-1)] 

for  | x | >_  1.  (15) 

For  preemphasized  basebands  and  small  values  of  RMS  modula- 
tion index,  the  spectrum  takes  some  form  between  those  observed 
for  frequency  modulation  and  phase  modulation.  Generalized  spec- 
trum plots  for  a CCIR  preemphasized  baseband  and  small  values  of 
RMS  modulation  index  are  shown  in  Figure  C-l  of  APPENDIX  C. 


F /F 
V H 


where 
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Intermediate  Values  of  RMS  Modulation  Index  (0.3  $ m s i.S) 


The  results  of  two  different  approaches  will  be  summarized 
here.  These  are,  the  theoretical  approach,  which  may  be  used  to 
generate  computer  approximations  of  the  spectra,  and  the  empirical 
approach,  which  was  used  by  Hamer  (References  19  and  21)  and  this 
author  (APPENDIX  C)  to  generated  generalized  spectrum  curves. 


It  is  of  interest  to  present  here  the  theoretical  FDM/FM  power 
spectrum  equation  given  by  Ferris  (Reference  14)  which  is  valid  for 
small  and  intermediate  values  of  RMS  modulation  coefficients.  The 
form  of  the  spectrum  is  given  as: 
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where 


(f) 


Normalized  low-pass  equivalent  power 
spectral  density  of  a phase-modulated 
signal 


Average  power  in  the  phase-modulating 
baseband  signal 

Normalized  power  spectral  density  of 
the  phase-modulating  signal 

N-fold  convolution  (n  > lj. 

The  normalized  low-pass  equivalent  power  spec*  i density  of  a 
frequency-modulated  signal  can  also  be  calculated  i luation  17 
if  the  phase-modulating  parameters  are  written  in  te  , :ie  fre- 

quency-modulation parameters,  which  are  given  in  Refer .nee  14. 

Thus,  for  FM: 


R (0)  = 

x 

»xCf)  = 


and 


where 


R (0) 
x 


sx(f)df  -f 


S-(f)df 

4irf2 


(18) 


a-(f) 

a(f)  = — (19) 

x f2 


s (f) 

x 

S*  (f) 
x J 


a*  (f) 
x 


f 


Power  spectral  density  of  the  phase- 
modulating  baseband  signal 

Power  spectral  density  of  the  fre- 
quency-modulating baseband  signal 

Normalized  power  spectral  density  of 
the  frequency-modulating  signal 

frequency  relative  to  the  carrier 
frequency. 
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The  FDM/FM  spectra  can  be  calculated  using  Equations  17,  18 
and  19  by  performing  the  convolution,  weighting,  and  summation 
of  the  weighted  convolutions  on  a computer.  It  should  be  pointed 
out  that  Equations  17  through  19  were  summarized  here  only  to 
aquaint  the  reader  with  Ferris'  method,  and  therefore  the  reader 
is  directed  to  References  14  and  25  for  all  the  mathematical  de- 
tails of  this  approach. 


The  generalized  curves  published  by  Hamer  (Reference  19) 
may  be  used  to  obtain  the  FDM/FM  spectrum  for  non-preemphasized 
basebands  and  intermediate  values  of  RMS  modulation  indices. 
Figure  9.  These  curves  were  obtained  from  the  measurements  re- 
ported by  Hamer  and  Acton  (Reference  21).  Similarly,  the  gen- 
eralized curves  shown  in  Figure  C-2  of  APPENDIX  C may  be  used  to 
obtain  the  FDM/FM  spectrum  for  CCIR  preemphasized  basebands  and 
intermediate  values  of  RMS  modulation  indices.  The  ordinate  in 
Figure  9 and  in  Figure  C-2  gives  the  actual  power  spectrum  re- 
lative to  the  carrier  power  as  a function  of  normalized  frequency 
relative  to  the  mean  carrier  frequency. 

In  some  cases,  it  is  desired  to  normalize  the  power  density 
of  the  spectrum  to  the  power  density  at  the  mean  carrier  fre- 
quency (x  = 0).  For  non-preemphasized  basebands,  the  power 
density  at  x = 0 can  be  read  directly  from  Figure  9,  or  it  can 
be  approximated  by  Equation  16  when  m ^ 0.5  with  x set  to  zero. 
When  m < 0.5,  the  approximation  given  by  Stewart  can  be  used 
with  x set  to  zero.  That  is: 
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Equation  20  also  gives  the  unbounded  continuous  spectrum  when 
m < 0.2  and  m2/x^  >>  1 (i.e.,  when  F^  = 0) . 


0 1 2 3 4 S 6 

NORMALIZED  FREQUENCY  RELATIVE  TO  MEAN  CARRIER 
x-f/F„ 

Figure  9.  Relative  FDM/FM  power  spectra  (0.2  <_  m <_  1.5). 

For  CCIR  preemphasized  basebands,  the  power  density  at 
x = 0 can  be  read  directly  from  Figures  C-l  and  C-2,  or  it  can 
be  approximated  by  Equation  16  when  m >_  1. 

Summary  of  FDM/FM  Power  Spectrum  Synthesis  Techniques 

The  various  equations  and  methods  which  may  be  used  to  syn- 
thesize the  power  spectrum  of  an  FDM/FM  signal  are  summarized  in 
TABLE  7.  The  measured  power  spectrum  for  a 600-channel  FDM/FM 
signal  is  shown  compared  with  the  theoretically  calculated  spec- 
trum  and  with  the  empirically  calculated  spectrum  in  Figure  10. 

el 

The  theoretical  spectrum  was  synthesized  using  the  computerized 
form  of  Equations  17,  18  and  19  programmed  by  Madison  (1976, 
ECAC) . 
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SECTION  4 

SYSTEM  NOISE  PERFORMANCE 


GENERAL 


The  total  noise  in  any  baseband  channel  is  composed  of  noise 
contributions  of  several  types,  including:  thermal,  intermodula- 
tion, multiplex  equipment  and  interference.  These  noise  sources 
are  discussed  next. 

THERMAL  NOISE 


Thermal  noise  contributions  are  of  two  general  types,  resis- 
tance noise  and  intrinsic  noise.  The  resistance  noise  is  gener- 
ated in  the  antenna  resistance  and  in  the  front-end  circuits  of 
the  receiver.  This  noise  is  amplified  within  the  receiver  along 
with  the  RF  carrier  and,  as  a result  of  the  FM  process,  the  noise 
at  the  output  of  the  receiver  will  vary  inversely  with  the  RF 
carrier  input  level. 

The  effective  antenna  resistance  noise  power  at  the  input  of 
a receiver  can  be  calculated  using  the  system  noise  temperature 
or  using  the  antenna  noise  temperature  and  the  noise  figure  asso- 
ciated with  the  receiver.  For  earth  station  receivers,  the  sys- 
tem noise  temperature  (Tg)  is  usually  specified  by  the  figure  of 
merit  (G/Tg)  for  that  terminal,  where  G is  the  antenna  gain.  The 
noise  power  is  then  calculated  as: 

n = kTgB  (21) 

where 

n = Noise  power,  in  watts 

k = Boltzmann's  constant  = 1.38  x 1CT23  joules 
per  Kelvin 
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B = Noise  bandwidth,  in  Hz,  approximately  equal 
to  the  IF  bandwidth 

Tg  = System  noise  temperature,  in  Kelvin. 


In  the  case  of  terrestrial  microwave  receivers,  the  antenna 
noise  temperature  is  generally  assumed  to  be  290  Kelvin.  Equation 
21  is  modified  to  calculate  the  noise  power  as  shown  in  Equation  22: 

N = -114  + 10  log  B + F (22) 


where 


= Noise  power  for  290  Kelvin  system  noise 
temperature,  in  dBm 

= IF  bandwidth,  in  MHz 

= Receiver  noise  figure,  in  dB. 


In  the  case  of  earth  station  receivers,  the  actual  system  noise 
temperature  has  to  be  used  in  Equation  21.  The  system  noise  tempera- 
ture can  be  computed  from:25 

m T 

TS  - W * V1  - V + T1 + E.  F7  (23) 

m=z  m- l 

where 

Tg  = System  noise  temperature,  in  Kelvin 

= Transmission  line  coefficient  (1/L^,  where 
is  the  waveguide  loss  between  antenna  output 
flange  and  receiver  input  flange) 

T^  = Antenna  effective  noise  temperature,  in  Kelvin 


25Reference  Data  for  Satellite  Communications  Earth  Stations , ITT 
Space  Communications,  Inc.,  Ramsey,  NJ,  Revised  June  1973. 
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T 

o 


T 

m 


sm-l 


Physical  temperature  of  the  transmission  line 
(usually  290  Kelvin),  in  Kelvin 

Equivalent  noise  temperature  of  parametric 
amplifier,  in  Kelvin 

The  noise  temperature  of  the  succeeding  m^ 
stage 

th 

The  gain  preceding  the  m 1 stage. 


The  noise  temperature,  T , of  a device  (referred  to  the  input  port) 
may  be  expressed  in  terms  of  its  noise  factor,  fm>  by  means  of  the 
following  relationship: 


T = (f  - 1)T 
m m o 


(24) 


where 


T = Noise  temperature  (referred  to  its  input)  of 

® th 

the  ni  stage 

f = Noise  factor  associated  with  the  mth  stage. 

171 


The  equivalent  noise  power  given  by  Equation  21  is  often 
called  the  "detection  threshold"  when  no  other  sources  of  noise 
(interference)  are  present  at  the  receiver  input.  However,  in 
an  FM  microwave  system,  this  threshold  does  not  represent  a 
usable  signal  level.  The  true  working  threshold,  often  called 
the  "threshold  of  FM  improvement,"  occurs  when  the  effective 
power  of  the  signal  is  approximately  10  dB  higher  than  the  ef- 
fective power  of  the  noise.  At  this  point,  the  peaks  of  the  sig- 
nal begin  to  exceed  the  peaks  of  the  noise  and  FM  quieting  begins. 
The  FM  improvement  threshold  (T_u)  can  be  calculated  as: 

rM 


FM 


10  + 10  log  (kTgB) 


(25) 
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where 


Tp^  = FM  improvement  threshold,  in  dBm. 

For  RF  input  signals  (C)  higher  than  Tp^,  the  thermal  noise  in  the 
baseband  will  decrease  1 dB  for  each  1 dB  increase  in  RF  input 
level . 


The  second  type  of  thermal  noise  contribution,  namely,  the 
"intrinsic"  or  "idle"  noise  is  that  noise  developed  in  the  elec- 
tronic circuitry  of  the  transmitter  and  in  the  late  stages  of 
the  receiver.  This  type  of  noise  is  independent  of  receiver  RF 
input  level  and  is  the  limiting  noise  performance  level  which 
could  be  measured  between  terminals  under  conditions  of  no  modu- 
lating signal  and  a very  strong  RF  input  signal  level.  The  in- 
trinsic noise  level  for  a particular  system  can  be  determined 
from  the  manufacturer's  specifications,  or  from  actual  measure- 
ments. The  measured  and  recommended  levels  of  intrinsic  noise 
for  both  the  600-and  1200-channel  systems  used  in  the  measure- 
ments are  given  in  TABLES  1 and  2 (Section  2) . 

INTERMODULATION  NOISE 


This  type  of  noise  consists  of  spurious  signals  created 
whenever  the  complex  modulating  signal  passes  through  any  kind 
of  phase  or  amplitude  nonlinearity.  Statistically,  this  noise 
is  very  similar  to  the  thermal  noise  and  is  present  only  when 
the  system  is  being  modulated,  increasing  as  the  loading  in- 
creases. 

The  intermodulation  noise  for  a given  system  can  be  obtained 
from  the  manufacturer's  specifications,  or  from  actual  measurements. 


f 


ESD-TR- 79-100 


Section  4 


The  measured  and  recommended  levels  of  intermodulation  plus  in- 
trinsic noise  for  both  the  600-and  1200-channel  systems  used  in 
the  measurements  are  also  given  in  TABLES  1 and  2 (Section  2). 

MULTIPLEX  SYSTEM  NOISE 

The  amount  of  noise  contributed  by  the  multiplex  system  under 
loaded  conditions  is  a characteristic  of  the  equipment  and  remains 
relatively  fixed  for  a given  load  and  equipment  configuration. 
Typical  values  of  multiplex  noise  (600-  to  1260-channel  LOS  system 
with  normal  load)  range  between  21  dBmcO  and  28  dBmcO.26 

The  total  multiplex  noise  is  composed  of  noise  contributions 
from  several  subsystems  including:  channel  bank,  group  bank, 
supergroup  bank,  mastergroup  bank  and  line  amplifiers.  These 
noise  contributions  can  be  determined  from  the  manufacturer's 
specifications.  Reference  26  provides  information  on  the  subject 
of  multiplex  noise  and  gives  maximum  noise  levels  for  the  various 
subsystems  integrating  the  GTE  Lenkurt  46A  carrier  system. 


The  noise  contirbuted  by  the  GTE  Lenkurt  46A2  multiplex  sys- 
tem during  the  performance  degradation  measurements  was  approxi- 
mately 16.5  dBmcO. 

INTERFERENCE  NOISE 


The  noise  sources  that  have  been  described  thus  far  have  a 
significant  effect  on  the  overall  microwave  system  design.  These 
noise  sources,  with  the  exception  of  atmospheric  and  some  forms 


26GTE  Lenkurt  46A  Carrier  System  Engineering  Considerations , GTE 
Lenkurt  Incorporated,  San  Carlos,  CA,  Issue  2,  June  1971. 
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of  man-made  noise  (which  are  believed  to  be  negligible  at  micro- 
wave  frequencies),  would  represent  the  major  sources  of  noise  to 
a microwave  system  if  such  a system  was  operated  alone  in  the  en- 
vironment. However,  the  huge  proliferation,  in  recent  years,  of 
terrestrial  microwave  systems,  radars,  earth  stations,  etc.,  have 
resulted  in  another  source  of  noise  in  the  form  of  interfering 
signals.  These  interfering  signals  affect  the  performance  of 
FDM/FM  systems  by  increasing  the  overall  level  of  noise  at  the 

baseband  channels  and  by  degrading  the  FM  threshold  (T_..)  . 

rM 

DETERMINATION  OF  SYSTEM  NOISE 


The  total  noise  present  at  the  receiver  input  is  combined 
with  the  carrier  oscillations  when  receiving  a useful  signal, 

(C  > TpM) , to  produce  a spectrum  of  interference  at  the  receiver 
output.  It  is  advantageous  at  this  point  to  develop  an  expres- 
sion (transfer  function)  that  will  allow  one  to  calculate  the 
output  noise,  in  any  baseband  channel,  in  terms  of  the  RF  input 
desired  signal  plus  interference  plus  noise  conditions.  The 
various  parameters  to  be  considered  in  the  complete  transfer 
function  are  illustrated  by  the  noise  model  shown  in  Figure  11. 

Gaussian  Noise  Transfer  Function 


The  relationship  between  the  channel  output  test  tone-to- 
noise  power  ratio,  s/n,  and  the  RF  inpu  carrier  power-to-effec- 
tive  thermal  noise  power  density  ratio,  c/n, , for  C > T , can 

Cl  rM 

be  derived  from  Fagot  and  Magne27  as: 


1 

The  term  "noise"  is  also  used  here  to  describe  unwanted  signals 
»ppearing  at  the  receiver  baseband  output. 

«i"t,  J. , and  Magne,  P. , Frequency  Modulation  Theory,  Pergamon 
The  MacMillan  Company,  New  York,  1961. 
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Figure  11.  FDM/FM  noise  transfer  function  model. 
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where 


(s/n) 


nd 

^peak 


Channel  output  test  tone-to-noise 
power  ratio 

RF  input  carrier  power,  in  watts 

RF  input  effective  thermal  noise 
power  density,  in  watts/Hz 

Demultiplexer  channel  bandwidth 
(3100  Hz  for  a standard  FDM  voice 
channel),  in  Hz 

Peak  deviation  of  the  channel  for  a 
signal  of  test  tone  level,  in  Hz 

Preemphasis  factor. 


The  RF  input  effective  thermal  noise  power  density  is  given  by: 


nd  = fgkTs  (27) 

where 

f = The  receiver  noise  factor 
g 

k = Boltzmann's  constant  = 1.38  x 10~23 
joules  per  Kelvin 

Tg  = System  temperature  (a  system  temperature 
of  290  Kelvin  will  be  assumed  for  micro- 
wave  systems  of  the  fixed  terrestrial 
service),  in  Kelvin. 


Another  useful  relationship  is  that  between  the  channel  out- 
put test  tone-to-noise  power  ratio,  s/n,  and  the  RF  input  carrier- 
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to-effective  thermal  noise  power  ratio,  c/n.  The  RF  input  effec- 
tive thermal  noise  power  is  assumed  to  be  contained  in  the  IF  3- 
dB  bandwidth,  BT_.  This  relationship  can  be  derived  from  Equation 
26  by  multiplying  and  dividing  the  right-hand  side  of  Equation  26 
by  Bjp  and  by  setting  the  product,  n^B^p,  equal  to  the  RF  input 
effective  thermal  noise  power  (n  = n^B^p).  This  gives: 


(s/n)  = (c/n) 


r BIF  1 [~drmsT 

L(fH  - LFch . 


where 


= The  RF  input  carrier-to-effective  thermal 
noise  power  ratio  (where  the  thermal  noise 
is  calculated  in  the  IF  bandwidth) 

= 3-dB  IF  bandwidth,  in  Hz 
d 

= Pe-a  = RMS  deviation  of  the  channel  for 

/2 

a signal  of  test  tone  level,  in  Hz 


and  all  other  terms  are  as  previously  described  in  Equation  26. 


For  the  case  in  which  it  is  desired  to  express  the  channel 
output  test  tone-to-noise  power  ratio  (Equations  26  and  28)  in 
dB  we  have  for  Equation  26: 


(S/N)  = C - 67.92  - 10  log  nd  + 20  log (dpeak^ch3 


and  for  Equation  28: 


(S/N)  = (C/N)  ♦ 10  log  (Bjp/3100)  ♦ 20  log (d^/F^) 
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Channel  output  test  tone-to-noise  power 
ratio,  in  dB 

RF  input  carrier-to-effective  thermal 
noise  power  ratio  (where  the  thermal 
noise  is  calculated  in  the  IF  bandwidth) , 
in  dB 


= RF  input  carrier  power,  in  dBm 
= Preemphasis  factor,  in  dB 


and  all  other  terms  are  as  previously  described. 


( 


For  the  case  of  microwave  systems  of  the  fixed  terrestrial 
service,  for  which  the  system  noise  temperature  is  assumed  to  be 
290  Kelvin,  Equation  30  reduces  to: 


where 


(S/N)  = C ♦ 136.1  - Fg  + 20  log(dpeak/Fch)  ♦ E (31) 


Fg  = Receiver  noise  figure,  in  dB 


and  all  other  terms  are  as  previously  described. 


A term  which  is  often  found  in  the  FDM/FM  literature  is  the 
system's  processing  gain,  PG,  which  is  defined  as: 


PG  = 


| (S/N)  - (C/N) 
[(S/N)  - (C/I), 


For  white  Gaussian  noise,  the  system's  processing  gain  can  be 
written  immediately  from  Equation  30  as: 


•jSMKmNttt 
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PGgn  = 10  log(BIF/3100)  * 20  log(dnns/Fch)  + E (33) 


where 


PG^  = Gaussian  noise  processing  gain  for  FDM/FM, 
in  dB 


and  all  other  terms  are  as  previously  described. 


Equations  26,  28  through  31,  and  33  represent  various  forms 
of  the  noise  transfer  function  for  FDM/FM  systems.  It  should  be 
pointed  out  that  the  "S"  and  "s"  terms  in  (S/N)  and  (s/n),  re- 
spectively, represent  a standard  zero  dBm  test  tone  at  a zero 
relative  level.  Similarly,  the  terms  "N"  and  "n"  represent 
unweighted  (flat)  noise  in  a 3100-Hz  bandwidth.  The  effects  of 
preemphasis,  E,  as  well  as  the  effects  of  other  common  types  of 
noise  weightings  will  be  discussed  next. 


Accounting  for  Emphasis  in  FM  Systems 


In  FDM/FM  systems  without  emphasis  the  channel  peak  devia- 


tion, dpea^,  has  a constant  value  regardless  of  the  baseband 


frequency  occupied  by  the  channel.  Also  for  these  systems 
(E  = 0),  Equations  29  through  31  and  33  show  that  the  noise  will 
be  worst  in  the  high  channels  increasing  at  a rate  of  20  dB  per 
decade. 


The  use  of  emphasis  networks  in  FM  systems  results  in  a 
more  even  distribution  of  noise  across  the  baseband.  However, 
even  with  emphasis,  the  noise  is  higher  in  the  higher  frequency 
channels.  For  CC I R- recommended  emphasis,  the  specified  devia- 


tion occurs  at  the  0.608  Fu  crossover  point  of  the  preemphasis 

H 


and  deemphasis  transfer  functions,  where  F^  is  the  highest 
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baseband  frequency.23'29  Channels  near  the  lower  end  of  the  base- 
band will  have  deviations  approximately  4 dB  lower  than  the  refer- 
ence deviation,  while  the  top  channel  will  have  a deviation  4 dB 
higher  than  the  reference  deviation. 

The  increase  or  reduction  in  deviation,  for  channels  at  base- 
band frequencies  other  than  0.608  F„,  can  be  accounted  for  in 

H 

Equations  29  through  31  and  33  by  adding  to  these  equations  the 
amount  of  preemphasis  (E)  for  the  channel  under  consideration. 

For  CCIR  preemphasis  the  dB  value  to  be  added  is  given  by: 


1 + 


6.90 


E = 5 


10  log 


1 + 


5.25 


"5F,r 

4F  ,1 

2 

H 

ch 

4F  u 
L ch 

5FH  J 

(34) 


where 

E = Preemphasis  value  to  be  added  to  Equations  29, 
30,  31  and  33,  in  dB 

F^  = Maximum  baseband  frequency,  in  Hz 

F ^ = Baseband  frequency  at  the  center  of  any  channel, 

in  Hz. 


28MIL-STD- 188-313,  Subsystem  Design  and  Engineering  Standards  and 
Equipment  Technical  Design  Standards  for  Long-Haul  Communications 
Transversing  Microwave  LOS  Radio  and  Tropospheric  Scatter  Radio, 
19  December  1973. 

29"Preemphasis  Characteristics  for  Frequency-Modulation  Systems," 
CCIR  Recommendation  275-2,  CCIR  Xllth  Plenary  Assembly,  Volume 
IV,  Part  1,  New  Delhi,  1970. 
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CHANNEL  OUTPUT  NOISE  WEIGHTING 

When  the  channel  output  noise  is  white  or  nearly  white,  the 
effect  of  weighting  is  simply  to  reduce  the  noise  level  by  a fixed 
and  predictable  amount.  The  relationship  between  unweighted  (flat) 
noise  and  weighted  noise  for  the  more  common  types  of  noise  weighting 
is  as  follows: 


Psophometric- 

I 

weighted  noise 

= flat 

noise  - 2.5  dB 

(35) 

E 

F1A- 

weighted  noise 

= flat 

noise  - 3 dB 

(36) 

C-message- 

weighted  noise 

= flat 

noise  - 1.5  dB 

(37) 

where  the  flat  noise  is 

contained 

in  the  audio  range 

from  500  to 

3400  Hz. 

The  various  units  commonly  used  to  express  the  channel  output 
noise  are  related  as  follows  (see  APPENDIX  B) : 


dBmO 

= dBmOp  + 2.5 

(38) 

dBmO 

= dBmcO  - 88.5 

(39) 

dBmO 

= dBaO  - 82 

(40) 

where 

dBmO 

= Noise  power  referenced  to  the 

zero 

transmission  level  point.  The  zero 
transmission  level  point  (o  TLP)  is 
taken  as  0 dBm 

dBmOp  = Psophometric-weighted  noise  power 
referenced  to  0 TLP 


i 


'di  *• 
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dBmcO  = dB  above  reference  noise,  C- 
message-weighted,  relative  to 
0 TLP.  Reference  noise  is 
equivalent  to  a 1000-Hz  tone 
at  -90  dBm. 

dBaO  = dB  above  reference  noise,  F1A- 
wieghted,  relative  to  0 TLP. 
Reference  noise  is  equivalent 
to  a 1000-Hz  tone  at  -85  dBm. 

An  approximate  relationship  between  these  units  which  is  com- 
monly accepted  is: 

dBmcO  = dBaO  + 6 = dBmOp  + 90.  (41) 

(S/N)  AND  NPR 

The  test  tone-to-noise  power  ratio  in  a 3.1-kHz  voice  chan- 
nel is  related  to  the  noise  in  that  channel  expressed  in  dBmO  as 
follows : 

S/N  (unweighted)  = -dBmO.  (42) 

Similarly,  from  Equations  39  and  40: 

S/N  (unweighted)  = 88.5  - dBmcO  (43) 

S/N  (unweighted)  = 82  - dBaO.  (44) 
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S/N  (C-message) 

= 

S/N  (unweighted)  + 1.5  dB 

(46) 

S/N  (F1A) 

= 

S/N  (unweighted)  + 3 dB. 

(47) 

The  unweighted  test 

tone-to-noise  ratio  in  a 3.1-kHz 

channel 

dated  to  the  noise  power 

ratio  (NPR)  by  (see  Section 

2): 

(S/N) 

= 

NPR  + 6 log  N + 2.1, 

N < 240  channels 

(48) 

(S/N) 

= 

NPR  + 16.3, 

N 240  channels. 

(49) 

The  various  relationships  presented  here  (Equations  35  through  49) 
are  used  to  convert  the  noise  performance  of  a system  from  values 
in  one  unit  to  values  in  any  of  the  other  commonly  accepted  units. 

COMPARISONS  BETWEEN  MEASURED  AND  CALCULATED  NOISE  PERFORMANCE 


One  test  conducted  on  the  600-channel  system  was  designed  to 
obtain  the  thermal  noise  transfer  function  of  the  system.  This 
was  accomplished  by  measuring  the  channel  output  C-message-weighted 
noise  as  a function  of  the  carrier  level  at  the  receiver  RF  input 
(see  Figures  12,  13  and  14). 

Figures  12,  13  and  14  show  comparisons  between  the  measured 
thermal  noise  transfer  function  data  and  the  theoretically  calcu- 
lated transfer  functions.  The  results  of  these  comparisons  indi- 
cate that  the  measured  processing  gains  agree  closely  with  the 
calculated  30.1-dB,  21.1-dB  and  20.1-dB  processing  gains  for  the 
low,  middle  and  high  test  channels,  respectively.  The  FDM/FM 
system  parameters  used  in  the  calculations  are  summarized  in 
TABLE  8.  These  were  also  the  parameters  of  the  system  tested. 

aUnweighted  noise  is  generally  not  labeled.  That  is,  the  "N" 
term  in  S/N  is  understood  to  represent  unweighted  noise  in  a 
3.1-kHz  voice  channel. 
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Figure  12.  Thermal  noise  transfer  function  for  a low  test  channel 
(340-344  kHz) . 
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A 

CALCULATED 
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MEASURED  DATA 

LOADED  INTERMODULATION 
PLUS  INTRINSIC  PLUS 
MULTIPLEX  NOISE 


CARRIER  INPUT  POWER  IN  dBm 

Figure  14.  Thermal  noise  transfer  function  for  a high  test  channel 
(2432-2436  kHz). 
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SECTION  5 

ECM  (NOISE  JAMMING)  INTERFERENCE 

GENERAL 

The  objective  of  this  test  was  to  investigate  the  FDM/FM 
power  transfer  characteristics  for  the  following  four  different 
types  of  simulated  noise  jamming  signals: 

1.  Barrage  and  spot  noise 

2.  Amplitude-modulated  barrage  noise 

3.  Pulse-modulated  barrage  noise 

4.  Swept-spot  noise. 

These  signals  are  described  next. 

BARRAGE  AND  SPOT  NOISE  INTERFERENCE 


The  interfering  signal  used  in  these  measurements  consisted 
of  a flat,  bandwidth- limited  spectrum  of  noise  centered  at  a 
specific  carrier  frequency.  The  four  bandwidths  of  noise  used, 
200  MHz,  10  MHz,  5 MHz  and  250  kHz,  were  generated  by  frequency- 
modulation  of  a carrier.  For  the  purpose  of  this  discussion, 
noise  bandwidths  wider  than  or  equal  to  the  receiver  IF  bandwidth 
will  be  referred  to  as  barrage  noise,  while  noise  bandwidths  nar- 
rower than  the  IF  bandwidth  will  be  termed  spot  noise. 

Noise  Generation 

Since  modulation  voltage  is  essentially  proportional  to 
frequency  deviation  in  a quasi-static  approximation,  the  carrier 
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was  frequency-modulated  with  a random  signal  having  a uniform  amp- 
litude distribution  to  obtain  a uniform  power  density.  This  sig- 
nal (for  the  200  MHz  noise  bandwidth)  was  generated  by  connecting 
a 50-kHz  triangular  waveform,  which  had  a uniform  amplitude  dis- 
tribution, to  the  input  of  a broadband  non-coherent  sampling  volt- 
meter. The  sample-hold  output  of  this  meter,  which  is  a statis- 
tically equivalent  signal  consisting  of  noncoherent  samples  of 
the  meter  input  signal,  was  amplified  and  applied  to  the  FM  input 
of  a microwave  sweep  oscillator.  The  spectral  power  density  vari- 
ation of  the  noise  interference  signal  at  the  RF  output  of  the 
sweep  oscillator  was  measured  by  the  Automatic  Data  Collection 
System  (ADCS),  which  for  this  measurement  was  essentially  a com- 
puter-controlled spectrum  analyzer.  The  result  of  the  ADCS  mea- 
surements confirmed  that  the  noise  signal  was  quite  rectangular, 
with  a uniform  power  density  over  the  specified  bandwidth  (see 
Figure  15). 

The  10-MHz,  5-MHz  and  250-kHz  noise  bandwidths  were  generated 
in  a similar  manner  (see  Figures  16,  17  and  18).  However,  a noise 
generator  and  clipping  (2a  clipping)  arrangement  rather  than  the 
sampling  voltmeter  method  was  used  to  modulate  the  sweep  oscillator. 

Barrage  and  Spot  Noise  Processing  Gain 

The  on-tune  processing  gain  for  barrage  and  spot  noise  inter- 
ference when  C > TpM  was  empirically  derived  and  can  be  calculated 
from: 


PG 


BSN 


-30.91  + 
+ 10  log 
+ 20  log 


10  log(fsl) 

H°ch2/2fsl2>] 
'dr»s/Fch>  * E 


(50) 
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Figure  16.  10-Mllz  spot  noise  frequency  domain 
emission  spectrum. 


ESD-TR-79- 100 


Section  5 


M 

— ■ 

2 

in 

o 

o 

(N 

p-4 

• 

O 

c 

o 

c 

•H 

o 

l/> 

•H 

•H 

</> 

> 

•H 

> 

• • 

X 

Q 

•iH 

u 

Q 

V 

o 

<D 

X to 

O- 

O 

f-H 

CL 

CO 

x: 

c 

x: 

O 

< 

+-> 

T3 

E 

T3 

• 1-4 

•r4 

s 

•p4 

2: 

H 

3 

2 

u 

-o 

C 

C 

•M 

c 

cO 

c0 

O 

CO 

O 

o 

03 

in 

C/3 

c« 

C/3 

70 


Figure  18.  250- kHz  spot  noise  frequency  domain 

emission  spectrum. 
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where 

pgbsn  = 

Barrage  and  spot 

in  dB 

noise  processing  gain. 

fsl 

[*D  2 + (N  /2)2 

(_  rms  B 1 

^rms  = deviation  of  FDM/FM  signal,  in  Hz 

Ng  = Noise  3-dB  bandwidth,  in  Hz 

F ^ = Center  frequency  of  the  test  channel  in 

the  baseband,  in  Hz 

d = RMS  deviation  of  the  channel  for  a signal 
of  test  tone  level,  in  Hz 

E = Preemphasis  factor,  in  dB  (Equation  34). 

The  form  of  Equation  50  is  similar  to  the  on-tune  FDM/FM  processing 
gain  equation.30  This  equation  will  be  further  discussed  in  Section 
6. 

Comparisons  Between  Measured  and  Calculated  Transfer  Functions 

Measurements  of  channel  output  noise  were  made  for  a wide 
range  of  RF  input  carrier-to-interference  power  ratios  with  the  RF 
input  FDM/FM  carrier  level  held  constant  at  -36  dBm.  The  transfer 
functions  obtained  from  these  data  are  shown  compared  with  the 
calculated  transfer  functions  in  Figures  19  through  23.  The  mea- 
sured barrage  noise  and  spot  noise  processing  gain  values  are  shown 
compared  with  the  corresponding  calculated  processing  gain  values 
in  TABLE  9.  The  FDM/FM  system  parameters  used  in  the  calculations 
are  summarized  in  TABLE  8,  Section  4. 

^International  Radio  Consultative  Committee  (CCIR),  Xllth  Plenary 
Assembly,  New  Delhi,  Volume  IV,  Part  2,  1970,  p.  203. 
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RF  INPUT  CARRIER-TO-INTERFERENCE  POWER  RATIO  IN  dB 

Figure  19.  Transfer  function  for  200-MHz  barrage  noise  interfer- 
ence; low  test  channel  (340-344  kHz). 
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LOADED  INTERMOOULATION 
PLUS  THERMAL  PLUS 
MULTIPLEX  NOISE 


TOTAL  NOISE: 
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• MEASURED 


INYfcrtrtHF.NCE  NOISE: 
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▲ EXTRAPOLATED  FROM 
MEASURED  DATA  38.5 
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RF  INPUT  CARRIER-TO-INTERFERENCE  POWER  RATIO  IN  dB 

Figure  20.  Transfer  function  for  200-MHz  barrage  noise 
interference;  high  test  channel  (2432-2436 
kHz) . 
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RF  INPUT  CARRIER-TO-INTERFERENCE  POWER  RATIO  IN  dB 


Figure  21.  Transfer  function  for  10-MHz  spot  noise 
interference;  low  test  channel  (340-344 
kHz). 
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Figure  23.  Transfer  function  for  250-MHz  spot  noise 
interference;  low  test  channel  (340-344 
kHz). 
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TABLE  9 

COMPARISON  OF  MEASURED  AND  THEORETICAL 
BARRAGE  AND  SPOT  NOISE  PROCESSING  GAIN 


Interfering  Signal 

Measured 
Processing  Gain 
(dB) 

Calculated 
Processing  Gain 
(dB) 

200-MHz  Barrage  Noise 
(Low  Channel) 

40.7 

40.7 

200-MHz  Barrage  Noise 
(High  Channel) 

31 

30.7 

10-MHz  Spot  Noise 
(Low  Channel) 

27.5 

27.7 

5-MHz  Spot  Noise 
(Low  Channel) 

25.4 

24.9 

250-kHz  Spot  Noise 
(Low  Channel) 

21.6 

20.4 

The  comparisons  shown  in  Figures  19  through  23  and  in  TABLE  9 
indicate  that  in  all  cases  close  agreement  exists  between  the  mea- 
sured and  calculated  values  of  processing  gain.  The  plots  in  Fig- 
ures 21  through  23  show  that  the  processing  gain  remained  constant 
for  RF  input  carrier-to- interference  power  ratios  up  to  approxi- 
mately zero  dB.  This  was  due  to  the  2a  clipping  introduced  during 
the  noise  generation  process  which  resulted  in  a very  small  peak- 
to-RMS  ratio  for  these  signals.  Therefore,  the  nonlinearities  in 
processing  gain  which  normally  occur  for  C/I  ratios  lower  than  ap- 
proximately 10  dB  did  not  occur  and  the  system  remained  linear  un- 
til the  noise  interference  began  to  capture  the  receiver. 

Off-Tuning  Effects 

The  measured  and  theoretical  off-tuning  characteristics  of  the 
spot  noise  interfering  signals  are  shown  in  Figures  24,  25  and  26. 
These  figures  show  plots  of  processing  gain,  relative  to  the  on- 
tune  processing  gain,  as  a function  of  frequency  separation  (Af) 
between  the  FDM/FM  carrier  and  the  spot  noise  center  frequency. 
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The  theoretical  off-tuned  processing  gain  values  were  empiri- 
cally derived  and  can  be  calculated  by  adding  a factor,  B^,  (in 
dB)  to  Equation  50.  The  factor  B ^ is  given  by: 

BAf  = 3 - 10  log  [exp  - [(Af  - Fch)2/2fsl2] 

+ exp  - [(Af  + Fch)2/2fsl2]]  * 10  log 

exp  [CFch)2/2fsl2]  (51) 

where 

B^  = Off-tuning  factor  to  be  added  to  Equation  50, 
in  dB 

Af  = Frequency  separation  between  the  FDM/FM 

carrier  frequency  and  the  center  frequency 
of  the  noise  interference,  in  Hz 

all  other  terms  have  been  previously  defined  in  Equation  50. 

The  comparisons  between  the  measured  and  calculated  off-tuning 
rejection  for  the  spot  noise  interfering  signals  indicate  that  Equa- 
tion 51  adequately  predicts  the  off-tuning  characteristics  for  fre- 
quency separations  up  to  approximately  |F  + N j . For  frequency 
separations  greater  than  |F^  + Ng|  but  less  than  Bjp/2,  the  calcu- 
lated off-tuning  rejection  is  much  greater  than  the  measured  off- 
tuning  rejection.  For  frequency  separations  greater  than  B^p/2, 
the  off- frequency  rejection  due  to  the  IF  filter  should  be  added 
to  Equation  51. 

AFC  Effects 


A number  of  tests  were  made  to  investigate  the  effects  of  the 
Automatic  Frequency  Control  (AFC)  circuits  on  off-tuned  spot  noise 
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interference.  The  results  of  these  tests  indicate  that  for  IF 
output  carrier-to-interference  power  ratios  less  than  approxi- 
mately 0 dB,  the  AFC  action  shifts  the  local  oscillator  frequency 
and  causes  the  receiver  to  lock  on  to  the  interfering  signal. 

The  AFC  action  is  illustrated  by  the  photograph  sequence 
shown  in  Figures  27  through  29.  Figure  27  shows  250-kHz  spot 
noise  interference  with  an  IF  output  carrier-to-interference 
power  ratio  of  -0.2  dB  and  the  AFC-ON.  For  this  case,  the  AFC 
action  is  just  starting  to  take  place.  In  Figure  28,  the  IF 
output  carrier-to-interference  power  ratio  has  been  decreased 
to  -5  dB  (AFC-ON);  here  the  AFC  action  has  ca.used  the  receiver 
to  lock  on  to  the  interfering  signal.  Figure  29  depicts  a situ- 
ation similar  to  the  one  shown  in  Figure  28  with  the  exception 
that  the  AFC  is  now  turned  off.  For  this  case,  the  receiver  re- 
mained locked  on  to  the  desired  FDM/FM  signal  as  the  IF  output 
carrier-to-interference  power  ratio  was  decreased. 

AMPLITUDE  MODULATED  BARRAGE  NOISE  INTERFERENCE 


The  amplitude-modulated  barrage  noise  interference  was  similar 
to  the  previously  described  200  MHz  barrage  FM-noise  signal,  except 
that  the  power  of  the  total  emission  was  varied  20  dB  in  level  at  a 
100-Hz  sine  wave  rate.  Basically,  this  signal  was  generated  by 
passing  a 200-MHz  barrage  noise  signal  through  a traveling  wave  tube 
(TWT)  amplifier  which  was  amplitude-modulated  with  a 100-Hz  sine 
wave.  The  amplitude  and  DC  offset  of  the  sine  wave  were  adjusted 
so  as  to  obtain  a 20-dB  modulation  depth.  The  frequency  domain 
emission  spectrum,  showing  the  modulation  depth,  is  depicted  in 
Figure  30.  This  photograph  was  obtained  by  varying  the  spectrum 
analyzer  sweep  time  until  the  modulation  waveform  became  visible. 


FDM/FM  signal  and  250-kHz  spot  noise  interference,  (AFC 
on;  (C/I) jp  QUT  = -0.2  dB). 


IF  OUT 


Spectrum  Analyzer: 
Bandwidth  100  kHz 
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Time  Domain  Representation 

The  time  domain  waveform  representation  of  the  amplitude  modu- 
lated barrage  noise  signal  has  the  form: 

V(t)  = A + B sin  wt  (52) 

with  the  amplitude  and  DC  offset  levels  of  the  100-Hz  modulating 
signal  adjusted  so  as  to  meet  the  20-dB  modulation  depth  criteria 
given  by: 


vet) 


where 


A + B sin  wt  = /P  when  t = - — - (0.0025) 

A + B sin  wt  = .1  /P  when 

t = (2n  + 1) (0.0025) 


(53) 


P = The  maximum  average  power  level  of  the 
modulated  200-MHz  barrage  noise  signal 

n = Odd  integer,  1,  3,  5,  7,  ... 


The  modulation  depth  is  defined  by  the  maximum  and  minimum 
instantaneous  values  of  V(t)  given  by  Equation  53.  Therefore, 
with  V (t)  varying  sinusoidally  between  /P  and  0.1  i/P,  we  have: 


modulation  depth 


or  expressed  in  dB 


modulation  depth 


V(t)  max  _ v^P 
V(t)  min  " QA  /p 


(54) 


20  log 


V (t ) max 
V(t)  min 


/P 

0.1  /P 


20  log 


(55) 


modulation  depth  = 20  dB. 
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We  can  now  evaluate  the  constants,  A and  B,  in  Equation  52 
over  the  limits  given  by  Equation  S3.  This  gives: 


and 

A + B 

= /P 

(56) 

A - B 

= 0 . 1 /p  . 

(57) 

Then 

solving  for 

A and  B yields: 

A 

= 0.55  /? 

(58) 

B 

= 0.45  /P 

(59) 

and 

substituting 

the  values  for  A and  B in  Equation  52 

gives : 

V(t) 

= 0.55  /P  + 0.45  /P  sin  wt. 

(60) 

Average  Power  of  Amplitude-Modulated  Barrage  Noise 

The  average  power  of  the  amplitude-modulated  barrage  noise 
interfering  signal  can  be  calculated  from: 

T 

P av  = T / V2(t)  dt  (61) 

o 

Then  substituting  Equation  60  into  Equation  61  and  integrating  over 
one  period  [T  = (1/100)]  gives: 

0.01 

PBAM  = 100  f [ CO. 55) 2 P + (0.45)2  P sin2wt 

o 

+ (0.55)  (0.45)  P sin  wt]  dt  (62) 
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BAM 

= Average  power 

barrage  noise 

P 

= Maximum  power 
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of  the  amplitude-modulated 
signal,  in  watts 

of  the  amplitude-modulated 
signal,  in  watts. 


Amplitude -Modulated  Barrage  Noise  Processing  Gain 

The  FDM/FM  degradation  data  analyzed  indicates  that  the  inter- 
ference noise  in  a voice  channel  is  directly  related  to  the  maximum 
average  power  of  the  amplitude-modulated  barrage  noise  interfering 
signal.  The  on- tune  processing  gain  is  then  given  by  Equations  50 
and  62  as: 

PGbsn  * 10  l°g(PBAM/P)  C63) 

Processing  gain  of  the  amplitude-modulated 
barrage  noise  interference,  in  dB 

Processing  gain  for  barrage  noise  interfer- 
ence, Equation  50,  in  dB. 


For  off-tuned  interference,  the  factor,  B^,  given  by  Equation  51 
should  be  added  to  Equation  63. 


Substituting  into  Equation  63  the  parameters  of  the  amplitude- 
modulated  barrage  noise  interference  used  in  the  meaurements  yields 


PG 


BAM 


3.98. 


(64) 


The  transfer  function  calculated  from  Equation  64  is  compared 
with  the  meaured  transfer  function  in  Figure  31.  The  result  of 
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Figure  31.  Transfer  function  for  200-MHz  amplitude-modulated  bar- 
rage noise  interference;  low  test  channel  (340-344  kHz). 
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this  comparison  indicates  that  close  agreement  exists  between  the 
measured  and  calculated  processing  gain  values.  The  FDM/FM  system 
parameters  used  in  the  calculations  are  summarized  in  TABLE  8, 
Section  4. 

PULSE-MODULATED  BARRAGE  NOISE  INTERFERENCE 


The  pulse-modulated  barrage  noise  interference  consisted  of 
two  100-MHz  wide  barrage  noise  signals  with  contiguous  spectra 
whose  levels  were  amplitude-modulated  in  a complementary  manner 
by  a 100-Hz  square  wave.  The  amplitude  variation  was  20  dB. 

The  100-MHz  barrage  FM-noise  signals  were  generated  in  a 
manner  similar  to  the  previously  described  200-MHz  barrage  noise 
interference,  except  that  one  of  the  sweep  oscillators  was  set 
to  produce  emissions  from  fQ  - 100  MHz  to  fQ,  and  the  other  from 
f to  fQ  + 100  MHz.  The  two  signals  were  then  coupled  to  a sig- 
nal combiner  which  alternately  amplitude-modulated  each  signal 
20  dB  with  a 100-Hz  square  wave.  The  frequency  domain  emission 
spectrum  characteristics  are  shown  in  Figure  32. 

Average  Power  of  Pulsed  Modulated  Barrage  Noise 

The  power  density  in  each  of  the  two  100-MHz  wide  barrage 
noise  signals  is  alternately  varying  between  P^  watts/Hz  and 
(P^/100)  watts/Hz  (for  a 20-dB  modulation  depth).  Therefore, 
the  average  power  of  the  200-MHz  wide  signal  is  simply: 

PpBN  = P + P/100  (65) 

where 

PpBN  = AveraSe  Power  of  pulse-modulated  barrage 
noise  signal,  in  watts 


A 
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Figure  32.  Pulse-modulated  barrage  noise  interference 
frequency  domain  emission  spectrum. 
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P = Maximum  average  power  of  pulse-modulated 
barrage  noise  signal,  in  watts'. 

Pulse-Modulated  Barrage  Noise  Interference  Processing  Gain 

| 

The  FDM/FM  degradation  data  analyzed  indicates  that  the  in- 
terference noise  in  a voice  channel  is  directly  related  to  the 
average  power  of  the  pulse-modulated  barrage  noise  signal.  The 
on-tune  processing  gain  is  then  given  by  Equation  50  as: 

(66) 

where 

PGpBN  = Processing  gain  of  pulsed-modulated 
barrage  noise  interference,  in  dB 

PGBsn  = Processing  gain  of  barrage  spot  noise. 

Equation  50,  in  dB. 

For  off- tuned  cases.  Equation  51  is  applicable. 

Substituting  into  Equation  66  the  parameters  of  the  pulse 
modulated  barrage  noise  interfering  signal  yields: 

PGpBN  = 40.6  dB.  (67) 

The  transfer  function  calculated  from  Equation  67  is  compared 
with  the  measured  transfer  function  in  Figure  33.  The  results  of 
this  comparison  indicates  that  close  agreement  exists  between  the 
measured  and  calculated  processing  gain  values. 

Off-Tuning  Effects 


No  anomalies  in  processing  gain  were  found  as  the  interfering 
signal  was  off-tuned  from  if  = 0 to  if  = +100  MHz. 


PG 


PBN 


= PG 


BSN 
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SWEPT- SPOT  NOISE  INTERFERENCE 

The  swept-spot  noise  interference  consisted  of  a noise  signal 
swept  in  frequency  with  a 100-Hz  sawtooth  waveform.  The  following 
spot  noise  bandwidths  were  used:  5 MHz,  10  MHz,  20  MHz,  50  MHz 
and  CW  (unmodulated  carrier).  These  signals,  except  for  the  CW 
swept  signal,  were  generated  in  a manner  similar  to  the  previously 
described  barrage  and  spot  noise  signals.  The  center  frequency  of 
the  swept  interference  was  swept  over  a 100-MHz  range. 

The  frequency  domain  emission  spectrum  of  the  20-MHz  swept- 
spot  noise  signal  is  shown  in  Figure  34.  Photograph  (A)  shows 
the  spot  noise  signal  (no  sweep)  while  Photograph  (B)  shows  the 
swept-spot  noise  signal  (sweep  on). 

Receiver  Response  to  Swept-Spot  Noise  Interference 


The  receiver  response  to  the  swept  signals  is  a function  of  a 
number  of  parameters,  including:  sweep  time,  sweep  width,  and 
sweep  repetition  rate.  The  relationships  between  these  parameters, 
as  they  apply  to  the  FDM/FM  measurements,  are  presented  in  Figure 
35. 


It  can  be  shown  that  sweeping  these  signals  past  the  receiver 
passband  results  in  a transient,  y(t),  whose  effective  width, 
at  the  output  of  the  IF  filter  can  be  derived  from  the  convolution 
of  the  sweeping  signal,  f(t),  and  the  IF  filter  response,  h(t). 

The  sweep  frequency  signal  shown  in  Figure  34(B)  has  the  form: 

f(t)  = exp  jm(Sw/ST)t2  (68) 

which  transforms  to: 


' ' £ik 
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Figure  35.  Swept-spot  noise  frequency  (A)  and  time  (B)  domain  representation. 
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1 

l 


> I 


F(u)  = t/2tT  exp  - ^(tu) 2 (69) 

where 

t = [(jST)/(2^rSw)]1'2.  (70) 

Now,  if  we  assume  a Gaussian  response,  which  is  given  by: 

H(u)  = eXp  i F)2  (71) 

we  can  compute  the  output  transient  response  from  the  convolution 
of  f(t)  and  h(t)  which  is  given  by  the  equation: 

y(t)  = f(t)  * h(t)  = J f(t)h(t  - t)dx  (72) 

-00 

which  is  simply: 


y(t)  = Inverse  transform  .H,  . 

0*0  (w) 


(73) 


and  from  Equation  73,  the  inverse  transform  of  the  product  F 
after  substituting  back  for  t gives: 


(to) 


y(t)  = 


2ttS, 


1 - j 


-p  exp 


-1 


1 - j 


C*biF)2  st 

2^S„, 


1 + 


w2 


2irS, 


^BIpt)2 


(74) 


from  which  the  envelope  of  y(t)  is  simply: 
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| 


' 


(irBIFt)2 


y(t)  = 


1 + 


?ttS„ 


st(-'tBif^2 


exp  - 


+ [¥-bif>2‘ 

+ L 2itSw  . 


(75) 


Now,  for  slow  sweep  rates,  which  represent  the  situation  being  an- 
alyzed, we  have  that: 


(-V2 


» 1. 


(76) 


Therefore,  for  slow  sweep  rates,  we  can  simplify  Equation  75  to: 


y(t) 


exp 


r 2irSw  1 

2 

W 

t2 

*8if  st 

' (77) 


and  from  Equation  77,  the  effective  transient  width  can  be  written 
immediately  by  noting  that: 


where 


eff 


■eff 


eff 

ST 

SW 


IF 


wBif  st 


ST 

bif  s1 


(78) 


(79) 


Effective  transient  width,  in  seconds 
Sweep  time,  in  seconds 
Sweep  width,  in  Hz 
IF  3-dB  bandwidth,  in  Hz. 
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The  swept-spot  noise  interference  data  analyzed  indicate  that 
the  interference  noise  in  a voice  channel  is  related  to  the  tran- 
sient response  width  and  sweep  rate  as  follows: 


PGspn  = PGgn  - 20  log[(BIF  ST/SW)  (SR)]  (80) 


where 


PG 


SPN 

pggn 


= Swept-spot  noise  processing  gain,  in  dB 

= Gaussian  noise  processing  gain  (Equation 
33),  in  dB 


SR  = Sweep  rate,  in  sweeps/second 
and  the  other  terms  are  as  previously  defined. 

The  transfer  functions  calculated  from  Equation  80,  for  the 
parameters  shown  in  Figure  35,  are  compared  with  the  meaured  transfer 
functions  in  Figures  36  through  41.  The  results  of  these  comparisons 
(using  Equation  80),  except  for  the  50-MHz  noise  signal,  indicate 
that  close  agreement  exists  between  the  measured  and  calculated  pro- 
cessing gain  values.  For  the  50-MHz  swept-spot  noise  signal,  the 
calculated  PG  was  approximately  3 dB  higher  than  the  measured  PG. 

It  should  be  noted  that  for  the  50-MHz  spot  noise  bandwidth,  the 
spot  bandwidth-to-swept  bandwidth  ratio  is  equal  to  50  MHz/100  MHz  = 
0.5.  However,  this  ratio  was  less  than  0.2  for  the  other  swept 
signals.  Closer  agreement  can  be  obtained  if  an  additional  factor 
is  added  to  Equation  80  for  those  cases  where  the  above  ratio  is 
greater  than  approximately  0.3.  The  modified  equation  is  then 
given  by: 


PGSPN  = PGGN  ■ 20  lQg[ CBif  St/Sw)  (SR)]  * 10  log  S 


for  0 < < 0.7 


100 


NR’ 
(81) 
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where 

**  - * - • (s2) 

The  transfer  function  calculated  from  Equation  81  is  also  shown  in 
Figure  41.  For  this  case,  good  agreement  exists  between  the  mea- 
sured and  calculated  PG  values.  The  FDM/FM  system  parameters  used 
in  the  calculations  are  summarized  in  TABLE  8,  Section  4. 
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Figure  36.  Transfer  function  for  20-MHz  swept-spot  noise  interfer- 
ence; low  test  channel  (340-344  kHz). 
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Figure  38.  Transfer  function  for  5-MHz  swept-spot  noise  interfer- 
ence; high  test  channel  (2432-2436  kHz). 
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Figure  39.  Transfer  function  for  10-MHz  swept-spot  noise  interfer- 
ence; high  test  channel  (2432-2436  kHt). 
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Figure  41.  Transfer  function  for  50-MHz  swept-spot  noise  interfer- 
ence; high  test  channel  (2432-2436  kHz). 
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SECTION  6 

NOISE-MODULATED  FM  AND  CW  INTERFERENCE 

This  section  contains  a discussion  of  the  effects  of  noise- 
modulated  FM  and  unmodulated  CW  interference  in  frequency-modu- 
lated systems  carrying  multichannel  telephony  signals.  Various 
techniques  and  equations  are  presented  for  analyzing  the  perfor- 
mance degradation  to  FDM/FM  systems  produced  by  these  types  of 
interfering  signals,  and  comparisons  are  made  between  theoreti- 
cally calculated  and  measured  performance  data. 

NOISE-MODULATED  FM  AND  CW  INTERFERENCE  TRANSFER  FUNCTIONS 

The  equations  developed  by  Hamer  (Reference  19)  were  used  to 
obtain  the  FDM/FM  transfer  functions  for  the  following  types  of 
interfering  signals: 

1.  An  FM  signal  with  the  baseband  modeled  as  an  ideally 
band-limited  Gaussian  noise  signal 

2.  An  unmodulated  signal. 

Hamer  derived  the  FDM/FM  noise  power  ratio  equations  (from 
which  the  test  tone-to-noise  power  ratio  can  be  readily  derived, 
Equations  48  and  49)  for  two  specific  ranges  of  RMS  modulation 
indices.  Namely,  very  small  values  of  RMS  modulation  index  and 
large  values  of  RMS  modulation  index.  However,  a more  recent 
parametric  examination  of  Hamer's  NPR  equations  performed  by 
Harold  J.Y.  Ng  of  the  Office  of  Telecommunications31  indicates 

31Ng,  H.J.Y.,  A Parametric  Examination  of  the  Processing  Gain 
Relationship  of  a Frequency  Division  Multiplex  Receiver  Sub- 
ject to  Frequency  Division  Modulation  Interference , OT  Report 
TN-76-1,  U.S.  Department  of  Commerce/Office  of  Telecommunica- 
tions, March  1976. 
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that  these  equations  can  be  used  to  predict  the  processing  gain 
for  intermediate  values  of  RMS  modulation  indices.  These  equa- 
tions and  their  range  of  validity  will  be  treated  in  the  fol- 
lowing subsections. 

Noise-Modulated  FM  Interference  (m  < 0.5) 


When  the  RMS  modulation  indices  of  both  the  desired  and  the 
interfering  noise-modulated  FM  signals  are  small  ($0.3),  the  nor- 
malized continuous  noise  power  spectra  can  be  approximated  by 
Equation  14.  For  this  case,  Hamer  shows  that  the  NPR  due  to  the 
continuous  portions  of  the  spectra  (for  c >>  i)  can  be  approxi- 
mated by: 

32(c/i)(F-  - F') 

F2  "d'2 
ch  rms 


b 

(83) 

where 


f + x f - x 


l)-l 


f + y f - y 


(npr)cs  = 


(NPR)CS 

(c/i) 


Noise  power  ratio  due  to  the  continuous 
portions  of  the  spectra 

Carrier-to- interference  power  ratio 

Maximum  modulation  frequency  of  inter- 
fering signal,  in  Hz 

Minimum  modulation  frequency  of  inter- 
fering signal,  in  Hz 
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= Center  frequency  of  the  channel  in  the 
baseband,  in  Hz 

= Total  RMS  deviation  of  the  interfering 
signal,  in  Hz 

= Preemphasis  factor 

= Frequency  relative  to  the  desired  signal 
carrier  frequency,  in  Hz 

“ ^Af  ' Fch> 

= Ji(Af  + Fch) 

Af  = frequency  separation  between  the 
desired  signal  carrier  frequency 
and  the  interfering  signal  car- 
rier frequency  (only  positive 
values  of  Af  being  considered) , 
in  Hz. 

With  the  "x"  terms  in  Equation  83  evaluated  over  the  following 
overlapping  limits  of  f: 

(-x  - Fh)  to  (-x  - Fl);  (-x  + Fl)  to  (- x + FH)  (84) 
(x  - F')  to  (x  - F') ; (x  + F'J  to  (x  ♦ F')  (85) 

where 

Fu  = Maximum  modulation  frequency  of  desired 
signal,  in  Hz 

F^  = Minimum  modulation  frequency  of  desired 
signal,  in  Hz 

and  similarly  for  the  "y"  terms  by  replacing  the  "x"  with  "y"  in 
Equations  84  and  85. 
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The  NPR,  and  thus  the  processing  gain  due  to  the  continuous 
portions  of  the  spectra,  is  further  degraded  by  the  interaction 
of  the  spectra  with  the  residual  carriers.  The  NPR  ude  to  the 
interaction  between  the  interfering  signal  residual  carrier  and 
the  continuous  spectrum  of  the  desired  signal  can  be  approximated 
from: 


diere 


(NPR) ic 


[4FH2(c/i)e/F 


( iJi_ 

|>f  - Fch 


, 2]  exp  (D'2  /¥'¥') 
ch  r rms  L H 


\2 

) + 

) + 

l Af  + F L / 

/ 

' Ch/J 

(86) 


(NPR) = Noise  power  ratio  due  to  the  inter- 
fering signal  residual  carrier  on 
the  desired  signal 


and 


FLl|Af  - Fch|  < Fh 


FL  ± (Af  + W ± FH 


with  only  positive  values  of  £f  being  considered.  Similarly,  the 
NPR  ude  to  the  interaction  between  the  continuous  spectrum  of  the 
interfering  signal  and  the  desired  signal  residual  carrier  can  be 
approximated  by: 


(NPR) 


DC 


■4FH2DL^».^FH  - fl>1 

tFchDrms'FH  - FL>1 


exp  [D  / F F ] 

rL  rms  H L 


( fh.  y < (-!_«  \ 

\Af-Fch/  \Af  + Fch/ 


(87) 
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where 


(NPR), 


= Noise  power  ratio  due  to  the  residual 
carrier  of  the  desired  signal 

= Total  RMS  deviation  of  the  interfering 
signal,  in  Hz 


FLilAf-  "J  ifH 

Fl  i CAf  * Fch)  £ Fh 


with  only  positive  values  of  Af  being  considered. 

The  NPR  ude  to  noise-modulated  interference  for  very  small 
values  of  RMS  modulation  index  and  c >>  i is  given  by  Equations 
83,  86  and  87.  The  total  NPR  is  therefore  given  by: 


NPR  = 


1 

(NPR), 


(NPR). 


(NPR), 


where 


NPR  = Total  NPR  due  to  a noise-modulated 
interfering  signal. 

The  NPR  computed  from  Equation  88  can  be  used  in  conjunction 
with  Equations  48  and  49  to  obtain  the  test  tone-to-noise  ratio  in 
the  channel  of  interest. 


The  small  modulation  index  approximation  given  by  Equation  88 
is  only  valid  for  small  values  of  (mD  )/F. , namely  (mD  )F.  < 1 
and  (m"D'  s)/F£  < * ’ w^ere  the  primes  indicate  interfering  signal 
parameters.  When  the  above  conditions  are  met,  the  residual  car- 
riers will  be  large,  and  for  this  case  Equations  86  and  87  will 
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contribute  the  most  to  the  total  NPR.  Generally,  the  contribution 
from  Equation  S3  is  negligible  when  both  of  these  ratios  are  very 
small . 

Noise-Modulated  FM  Interference  (m  > 0.5) 

When  the  RMS  modulation  indices  of  both  the  desired  and  the 
interfering  noise-modulated  FM  signals  are  large,  the  normalized 
noise  power  spectra  can  be  calculated  from  Equation  16.  For  this 
case,  with  c >>  i,  the  FM  processing  gain  is  given  by  (Reference 
30) : 


PG_.  = -27.91  + 20  log (d  /F  , ) + 10  log  f + E 

FM  & rms  ch  & s 


- 10  log  I exp  - 


<A£  - FC„>21 


exp  - 


(Af  ♦ 


where 


Noise-modulated  FM  (FDM/FM)  processing 
gain,  in  dB 

RMS  deviation  of  the  channel  for  a signal 
of  test  tone  level,  in  Hz 

Center  frequency  of  the  channel  in  the 
baseband,  in  Hz 

Freemphasis  factor  (Equation  34  for  CCIR 
preemphasis) 


114 


ESD-TR-79- 100 


Section  6 


Af 


rms 


rms 


Frequency  separation  between  the  wanted 
and  interfering  carrier  frequencies, 
in  Hz 

[d2  + d'2  y- 

L rms  rms 

Multichannel  RMS  frequency  deviation  of 
the  desired  signal,  in  Hz 

Multichannel  RMS  frequency  deviation  of 
the  interfering  signal,  in  Hz 


which  agrees  with  the  results  of  Hamer  (Reference  19). 


The  parametric  examination  of  Equations  88  and  89  (Reference  13)  is 
significant  in  that  it  shows  that  Equation  89  can  be  used  to  appro- 
ximate the  processing  gain  for  values  of  RMS  modulation  indices  as 
low  as  approximately  0.3.  The  extent  of  the  inaccuracies  caused 
by  using  the  Gaussian  noise  approximation  with  intermediate  values 
of  RMS  modulation  index  (0.3  < m < 1.5)  were  illustrated  by  Pontano, 
et  al.,  (Reference  22). 

CW  Interference  (m  < 0.5) 


The  NPR  due  to  the  interaction  between  an  unmodulated  inter- 
fering carrier  and  the  continuous  portion  of  the  desired  FDM/FM 
signal  spectrum  can  be  derived  from  Equation  86  by  setting  D'ms 
equal  to  zero.  This  yields: 


where 


[4FH2(c/i)e/Fch2r 


(90) 


FLllAf  - FJ  < Fh 


..4- 


~\ 

HhtetttT 
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and 


F < (if  + F . ) < F . 
L - 1 chJ  - H 


Only  positive  values  of  Af  are  considered.  This  equation  agrees 
with  the  results  of  Hamer. 


CW  Interference  (m  > 0.5) 


For  high  values  of  RMS  modulation  index  Equation  89  may  be 
used  to  approximate  the  CW  processing  gain  by  setting  D'ms  equal 
to  zero.  This  gives: 


PG„.,  = -27.91  + 20  log (d  /F  , ) + 10  log  D + E 

CW  / rms  ch  & rms 


- 10  log 


exp 


exp 


(Af  - 


2D" 


rms 


(Af  - Fch)2 

2D2 

rms 


(91) 


which  once  again  agrees  with  the  results  of  Hamer. 


COMPARISONS  BETWEEN  MEASURED  AND  CALCULATED  DATA 

The  measured  transfer  functions  for  an  identical  600-channel 
FDM/FM  interfering  signal  are  shown  compared  with  the  calculated 
transfer  functions  (Equation  89)  for  the  low,  middle  and  high  test 
channels  in  Figures  42,  43  and  44,  respectively.  The  results  of 
these  comparisons  indicate  that  good  agreement  exists  between  the 
measured  and  calculated  processing  gain  values. 


Similar  comparisons  are  shown  in  Figures  45,  46  and  47  for  on- 
tune  12  channel  FDM/FM  interference;  in  Figures  48,  49  and  50  for 
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Figure  42.  Transfer  function  for  identical  600-channel  on-tune  FDM/FM 
interference;  low  test  channel  (340-344  kHz). 
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Figure  43.  Transfer  function  for  identical  600-channel  on-tune  FDM/FM 
interference;  middle  test  channel  (1244-1248  kHz). 
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Figure  44.  Transfer  function  for  identical  600-channel  on-tune  FDM/FM 
interference;  high  test  channel  (2432-2436  kHz). 
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Figure  45.  Transfer  function  for  on-tune  12-channel  FDM/FM  interfer- 
ence; low  test  channel  (340-344  kHz). 
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Figure  46.  Transfer  function  for  on-tune  12-channel  FDM/FM  interfer- 
ence; middle  test  channel  (1244-1248  kHz). 
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Figure  47.  Transfer  function  for  on-tune  12-channel  FDM/FM  interfer- 
ence; high  test  channel  (2432-2436  kHz). 
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on-tune  CW  interference;  and  in  Figure  51  (low  test  channel)  for 
on-tune  single  channel  narrowband  FM  interference.  In  all  cases, 
good  agreement  exists  between  the  measured  and  calculated  data. 

The  measured  and  calculated  off-tuning  characteristics  are 
shown  in  Figures  52  through  61,  which  are  plots  of  processing 
gain,  as  a function  of  frequency  separation  (Af)  between  the 
desired  signal  carrier  and  the  interfering  signal  carrier.  The 
result  of  these  comparisons  indicates  that  good  agreement  exists 
between  the  measured  and  calculated  data  for  frequency  separations 
between  Af  = 0 and  approximately  Af  = (F  + F ') . However,  for 
frequency  separations  between  approximately  Af  = (F„  + F')  and 
the  IF  filter  3-dB  cutoff  frequency  (Af  = ±B  /2),  the  measured 
processing  gain  was,  in  all  cases,  much  lower  than  the  calculated 
processing  gain.  This  is  indicative  of  the  inaccuracies  which 
can  result  from  using  the  Gaussian  approximation  with  intermediate 
values  of  RMS  modulation  index.  It  should  also  be  noted  that  the 
off-tuning  factors  in  these  equations  do  not  include  the  IF  filter 
off- frequency  rejection  characteristics. 

Low  Desired  Signal  Level  - AGC  Effects 

The  measurements  shown  in  Figures  42  through  61  were  performed 

using  a desired  signal  level  (C)  of  -36  dBm.  In  addition,  some  of 

those  measurements  were  repeated  using  a desired  signal  level  of 

-76  dBm,  and  in  all  cases  the  results  were  almost  identical  to 

those  obtained  with  the  -36  dBm  desired  signal  level.  The  only 

discrepancies  encountered  were  for  Af's  greater  than  approximately 

F Hz.  The  receiver  AGC  characteristics  are  shown  plotted  in 
H 

Figure  A-38  of  APPENDIX  A. 
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Figure  52.  Off-frequency  rejection  to  an  identical  600-channel  FDM/FM  i 
test  channel  (340-344  kHz). 
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Figure  56.  Off-frequency  rejection  to  a 12-channel  FDM/FM  interfering  signal;  middle 
test  channel  (1244-1248  kllz) . 


F-'igure  58.  Of f- frequency  rejection  to  a CW  interfering  signal;  low  test 
channel  (340-344  kliz). 


Figure  60.  Off-frequency  rejection  to  a CW  interfering  signal;  high  test 
channel  (2432-2436  kHz). 


Figure  61.  Off-frequency  rejection  to  a single  channel  narrowband  FM  interfering  signal; 
low  test  channel  (340-344  kHz). 
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AFC  Effects 

A number  of  tests  were  made  to  investigate  the  effects  of  the 
Automatic  Frequency  Control  (AFC)  circuits  on  off-tuned  FDM/FM, 
Narrowband  FM  (NBFM)  and  CW  interference.  The  results  of  these 
tests  were  similar  to  the  ones  obtained  for  spot  noise  interfer- 
ence (Section  5).  For  IF  output  carrier-to-interference  power 
ratios  less  than  approximately  0 dB,  the  AFC  action  shifted  the 
local  oscillator  frequency  and  caused  the  receiver  to  lock  on  to 
the  interfering  signal.  The  AFC  action  for  CW  interference  is 
illustrated  by  the  two  IF  output  photographs  shown  in  Figure  62. 
The  (C/I)jp  qjjt  level  for  these  photographs  was  -2  dB.  Photo- 
graph (a)  was  taken  with  the  AFC  turned  off  and  photograph  (b) 
was  taken  with  the  AFC  turned  on. 


SECTION  7 

PULSED  RADAR  INTERFERENCE 


The  degradation  in  FDM/FM  communication  systems  when  ex- 
posed to  pulsed  radar  interference  depends  upon  several  factors, 
including:  the  radar  modulation  characteristics,  the  carrier- 
to-interference  power  ratio,  the  frequency  separation  between  the 
desired  and  interfering  carriers,  and  the  FDM/FM  modulation  char- 
acteristics. The  concept  of  two  degradation  regions  of  FDM/FM 
communication  systems  subjected  to  pulsed  radar  interference  has 
been  demonstrated32'33  and  is  based  upon  the  desired  carrier-to- 
peak  radar  pulse  interference  power  ratio  (C/I). 


In  the  quasi- linear  degradation  region,  desired  carrier 

£ 

power  is  generally  larger  than  the  peak  radar  power.  The 
baseband  interference  noise  spectrum  is  computed  as  proportional 
to  the  convolution  of  the  desired  carrier  spectrum  and  the  radar 
interference  RF  spectrum.  In  any  given  channel,  degradation  de- 
creases with  increasing  C/I. 


In  the  quasi-constant  degradation  region,  the  peak  radar 
pulse  power  is  always  greater  than  the  desired  carrier  power. 
During  the  interference  pulse,  demodulation  of  the  desired 

32Wachs,  M.  R. , and  Arroyo,  B. , Technical  Consideration  of  Fre- 
quency Sharing  Between  Satellite  Communications  and  Radar, 
International  Conference  on  Communications  (ICC  ’78),  IEEE, 
1978. 

33Hernandez,  A.  A.,  Effects  of  Pulse  Interference  on  FDM/FM 
Multichannel  Telephony  Transmissions  of  the  Fixed  Satellite 
Service,  ECAC-CR-78-075,  ECAC,  Annapolis,  MD,  August  1978. 

This  is  generally  the  case  for  on- tune  pulse  interference. 
However,  as  indicated  in  Reference  33,  for  off-tuned  inter- 
ference the  quasi-linear  region  can  extend  into  negative 

power  ratios  of  C/I. 
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carrier  ceases  and  the  radar  captures  the  demodulator.  Conse- 
quently, further  increases  in  radar  power  do  not  increase  base- 
band noise. 

MEASUREMENT  DESCRIPTION  .AND  RESULTS 

Measured  data  obtained  during  the  FDM/FM  measurement  program 
were  used  to  investigate  the  manner  in  which  pulse  radar  interfer- 
ence affects  the  performance  of  an  FDM/FM  multichannel  telephony 
system.  The  telephony  signal  was  the  600-channel  carrier  pre- 
viously discussed  in  Section  2.  The  interference  signal  was  re- 
presented by  a pulse  train  with  variable  pulsewidth  (1-1000  us), 
variable  repetition  frequency  (10-15,000  pps),  variable  frequency 
relative  to  the  tuned  frequency  of  the  telephony  system  (Af) , 
variable  frequency  shift  during  the  "ON"  time  of  the  pulse 
(chirping),  and  variable  power  relative  to  that  of  the  telephony 
signal.  The  rise  and  fall  times  of  the  interference  pulses  were 
approximately  0.025  microseconds.  The  desired  and  interference 
signals  were  added  ahead  of  the  waveguide  circulator  (RF  input) 
of  the  telephony  receiver.  The  noise  performance  of  the  tele- 
phony system  was  measured  at  the  output  of  a low  (340-344  kHz), 
middle  (1234-1238  kHz),  and  high  (2432-2436  kHz)  multiplexer 
channel . 

The  results  of  the  channel  output  noise  measurements,  for 
on- tune  and  off-tuned  pulse  interference  conditions,  are  shown 
in  Figures  63  through  87  and  88  through  96,  respectively.  From 
these  measurements  the  following  conclusions  can  be  drawn: 

1.  For  on-tune  pulse  interference,  the  envelope  of  the 
maximum  observed  interference  in  a voice  channel  of  an  FDM/FM 
telephony  carrier  is  a function  of  the  carrier-to-average  pulse 
interference  power,  C/I,  and  of  the  duty  cycle,  6,  where  I is 
the  average  power  of  the  pulsed  interference  in  the  desired-sig- 
nal necessary  predetection  bandwidth. 





INTERFERENCE  NOISE  POWER  (pWOp) 


INTERFERENCE  NOISE  POWER  (pWOp) 


INTERFERENCE  NOISE  POWER  (pWOp) 


cSD-TR- 79-  100 


Section  7 


PULSEWIDTH 


PULSE  REPETITION 
FREQUENCY 


DUTY  CYCLE 


100 

400 

4 x 10'2 

400 

400 

1.6  x 10'1 

C/I  IN  dB 

Figure  69.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  cochannel,  nonchirped, 
pulse  interference;  PRF  = 400  pps. 
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Figure  76.  Measured  interference  noise  power  in  a middle  base 
band  channel  (1244-1248  kHz)  for  cochannel,  non- 
chirped,  pulse  interference;  PRF  = 400  pps. 
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Figure  83.  Measured  interference  noise  power  in 
channel  (340-344  kHz)  for  cochannel, 
interference;  PRF  = 80  pps. 
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Figure  84.  Measured  interference  noise  power  in  a low  baseband 


channel  (340-344  kHz)  for  cochannel,  chirped,  pulse 
interference;  PRF  = 300  pps. 
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Figure  90.  Measured  interference  noise  power  in  a high  baseband 
channel  (2432-2436  kHz)  for  cochannel  (Af  = 0)  and 
off-tuned  (Af  > 0)  nonchirped,  pulse  interference; 

PW  = 1 ys,  PRF  = 5000  pps. 


Figure  91.  Required  C/I  power  ratio  for  a low  channel  (340-344  kliz)  S/N  output  of  52  dll  as 
function  of  frequency  off-tuning;  PW  = 10  ps,  PRF  = 400  pps. 


Figure  92.  Required  C/I  power  ratio  for  a high  channel  (2432-2456  kHz)  S/N  output  ot  53  dB 
as  a function  of  frequency  off-tuning;  PW  = 10  |is,  PRF  = 400  pps. 


Figure  93.  Required  C/I  power  ratio  for  a low  channel  (340-344  kHz)  S/N  output  of  52  dB  as 
function  of  frequency  off-tuning;  PW  = 100  ms,  PRF  = 400  pps. 


uired  C/I  power  ratio  for  a high  channel  (2432-2436 
a function  of  frequency  off-tuning;  Pto  = 100  ns,  PRF 


Figure  95.  Required  C/I  power  ratio  for  a low  channel  (340-344  kHz)  S/N  output  of  55  dB  as 
function  of  frequency  off- tuning;  PW  = 400  ps,  PRF  = 400  pps. 


Figure  96.  Required  C/I  power  ratio  for  a low  channel  (340-344  kHz)  S/N  output  of  53  dB  as 
function  of  frequency  off-tuning;  PW  = 1000  ps,  PRF  = 160  pps. 
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2.  For  on-tune  pulse  interference,  the  maximum  ob- 
served interference  in  a voice  channel  remains  constant  for  values 
of  C/I  smaller  than  approximately  -2  dB,  where  I is  the  pulsed 
interference  peak  power  (i.e.,  the  RMS  power  during  the  pulse  on 
time)  in  the  desired-signal  predetection  bandwidth. 

3.  For  on-tune  pulse  interference,  the  envelope  of  the 
maximum  observed  interference  in  the  worst  performing  voice  chan- 
nel (i.e.,  for  these  measurements,  the  low  channel)  of  a 600-chan- 
nel  carrier  can  be  calculated  from: 


where 


N 


max 


max 


6 = 


PW 

PRF 


10(66  + 5)/8,  for  c/r  < _2  dB> 

1 us  <_  PW  <_  1000  ys , 
and  600-channel  carrier 


Maximum  interference  power  in  the  worst 
voice  channel,  in  pWOp 

10  log  [(PW)  (PRF)IO"6]  = duty  cycle  of 
pulse  interference  signal,  in  dB 

Pulsewidth,  in  us 

Pulse  repetition  frequency,  in  pps.  ' 


(92) 


For  values  of  C/I  greater  than  approximately  -2  dB,  the  interfer- 
ence in  a voice  channel  is  a complex  function  of  the  pulse  and 
receiver  parameters.  However,  the  envelope  of  all  the  noise 
transfer  functions  (Figures  63  through  87)  is  only  a function  of 
C/I,  and  for  a 600-channel  carrier  can  be  calculated  from: 


N = 101-64  ' C/I)/8,  for  C/I  > -2  dB  (93) 

1 us  < PW  <_  1000  us, 
and  600-channel  carrier 
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where 


N 


C/I 


c/i 


Interference  power  in  a voice  channel, 
in  pWOp 

carrier-to-pulse  interference  average 
power  in  the  desired-signal  predetection 
bandwidth,  in  dB 

Carrier-to-pulse  interference  peak  power 
in  the  desired-signal  predetection  band- 
width, in  dB. 


The  complete  envelope  (i.e.,  the  envelope  calculated  from  Equations 
92  and  93)  of  the  observed  interference  in  the  worst  performing 
channel  of  a 600-channel  carrier  for  pulse  interference  with  a duty 
cycle  of  approximately  -18  dB  is  illustrated  in  Figure  97. 

4.  The  conclusions  outlined  in  Paragraphs  1,  2 and  3 
are  also  applicable  to  chirped  pulses  (i.e.,  pulses  with  FM) . 

5.  For  off-tuned  pulse  interference  (i.e.,  for  offsets 
in  center  frequency  between  the  desired  carrier  and  the  interfering 
carrier),  degradation  may  be  greater  than  the  levels  given  in  Equa- 
tions 92  and  93.  Note  further  that,  for  moderate  offsets  in  center 
frequency  (Af  = 3.255  MHz,  Figures  88  and  89),  the  higher  noise 
levels  may  occur  for  values  of  C/I  greater  than  zero. 

ACCOUNTING  FOR  THE  MOCULATION  CHARACTERISTICS  OF  OTHER  FDM/FM 
SYSTEMS 

General 

The  data  shown  in  Figures  63  through  96  can  be  used  in  con- 
junction with  Equations  92  and  93  to  predict  the  degradation  in 
FDM/FM  communications  systems  whose  modulation  characteristics 
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and  channel  capacities  are  similar  to  those  of  the  system  tested 
(see  TABLE  8,  Section  4).  For  other  FDM/FM  systems,  the  measured 
data  or  Equations  92  and  93  must  be  corrected  to  account  for  any 
difference  in  processing  gain  between  the  two  FDM/FM  systems. 

One  approach  to  the  problem  is  to  calculate  the  thermal  noise 
processing  gain  for  the  FDM/FM  system  used  in  the  measurements  and 
for  the  FDM/FM  system  being  analyzed.  If  the  processing  gain  of 
the  FDM/FM  system  being  analyzed  is  higher  than  the  processing  gain 
of  the  FDM/FM  system  used  in  the  measurements,  then  the  noise  de- 
gradation calculated  from  Equations  92  or  93  or  obtained  from  Fig- 
ures 63  through  96  must  be  reduced  by  the  dB  difference  between 
the  two  processing  gains.  Similarly,  if  the  processing  gain  of 
the  FDM/FM  system  being  analyzed  is  lower  than  the  processing  gain 
of  the  FDM/FM  system  used  in  the  measurements,  then  the  noise  de- 
gradation calculated  from  Equations  92  or  93  or  from  Figures  63 
through  96  must  be  increased  by  the  dB  difference  between  the  two 
processing  gains. 

Determining  the  Thermal  Noise  Processing  Gain 

The  thermal  noise  processing  gain  of  an  FDM/FM  system  can  be 
calculated  from  (see  Section  4 of  this  report) : 

PGgn  = 20  * 10  log  (Bif/3100) 

+ E . WF  (94) 

where 

d = RMS  deviation  of  the  channel  for  a signal 
of  test  tone  level,  in  Hz 

F^  = Center  frequency  occupied  by  the  channel 
in  the  baseband,  in  Hz 
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B = 3-dB  IF  bandwidth,  in  Hz 

1 r 

E = Preemphasis  factor  (see  Equation  34),  in  dB 

WF  = Weighting  network  factor  (see  Equations  35, 
36  and  37),  in  dB. 

For  the  FDM/FM  system  tested,  the  parameters  given  in  TABLE  8, 

Section  4 can  be  used  directly  in  Equation  94  to  calculate  the 

reference  PG„... 

GN 

OTHER  TECHNICAL  CONSIDERATIONS 


In  a recent  analysis  of  radar  interference  with  FDM/FM  com- 
munications, Wachs  and  Arroyo  (Reference  32)  suggested  that  in 
the  quasi-linear  interference  region,  the  radar  interference  may 
be  treated  as  an  equivalent  average  power  FM  carrier  whose  RMS 
deviation  (D^')  corresponds  to  1//2ttPW,  where  PW  is  the  pulse- 
width.  This  treatment  assumes  the  radar  spectrum  to  be  Gaussian- 
shaped. 

Following  this  treatment,  the  interference  noise  was  calcu- 
lated for  the  system  tested  using  Equations  89  (Section  6),  32 
(Section  4),  and  B-3  (APPENDIX  B)  for  pulsewidths  of  1,  100  and 
1000  microseconds.  The  results  are  shown  compared  with  measured 
data  and  with  the  envelope  method  (Equations  92  and  93)  in  Fig- 
ures 98  through  105. 
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Figure  99.  Comparisons  between  measured  and  calculated  inter 
ference  noise  power  in  a high  baseband  channel 
(2432-2436  kHz)  for  cochannel,  nonchirped,  pulse 
interference;  PRF  = 500  pps. 
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Figure  101.  Comparisons  between  measured  and  calculated  inter- 
ference noise  power  in  a high  baseband  channel 
(2432-2436  kHz)  for  cochannel,  nonchirped,  pulse 
interference;  PRF  = 15,000  pps. 
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Figure  102. 
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Comparisons  between  measured  and  calculated  inter- 
ference noise  power  in  a middle  baseband  channel 
(1244-1248  kHz)  for  ccchannel,  nonchirped,  pulse 
interference;  PRF  = 80  pps. 
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Figure  105.  Comparisons  between  measured  and  calculated  inter- 
ference noise  power  in  a low  baseband  channel  (340- 
344  kHz)  for  cochannel,  nonchirped,  pulse  interfer- 
ence; PRF  = 160  pps. 
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SECTION  8 

SPREAD- SPECTRUM  INTERFERENCE  TO  FDM/FM  SYSTEMS 


GENERAL 


A class  of  communication  systems  termed  spread  spectrum  (SS) 
has  been  evolving  in  recent  years.  On  characteristic  of  an  SS 
system  is  that  the  emitted  signal  bandwidth  is  much  greater  than 
the  bandwidth  of  the  information  being  transmitted.  Thus,  one  of 
the  primary  reasons  for  the  current  interest  in  SS  systems  is  that 
they  should  be  less  susceptible  to  interference  than  conventional 
systems  since  the  ability  of  a communication  system  to  resist  in- 
terference is  directly  related  to  the  emitted  signal  bandwidth 
for  a given  information  bandwidth. 

The  manner  in  which  two  types  of  undesired  SS  signals  affect 
the  performance  of  FDM/FM  systems  is  analyzed  in  this  section. 

The  characteristics  of  the  two  undesired  SS  signals  are  discussed 
next . 

SPREAD- SPECTRUM  SIGNALS 


The  two  undesired  SS  signals  analyzed  were  direct-sequence 
(DS)  and  frequency-hopping  (FH) . Brief  descriptions  of  the  DS 
and  FH  techniques  are  given  here  with  detailed  descriptions  of 
these  and  additional  SS  modulation  techniques  available  in  Dixon.34 

Direct  Sequence 

The  DS  method  of  generating  the  wideband  signal  consists  of 
appropriately  combining  the  digital  baseband  data  with  a high- 

34Dixon,  R.  C.,  Spread  Spectrum  Systems,  John  Wiley  and  Sons, 

New  York,  1976. 
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speed  (relative  to  the  data  rate  of  the  baseband  desired  signal) 
binary  code  sequence  and  then  using  the  resulting  sequence  to 
modulate  a carrier.  The  signaling  speed  of  the  code  sequence  is 
termed  the  chip  rate,  while  the  term  bit  rate  is  reserved  for  the 
speed  of  the  baseband  data.  Theoretically,  any  suitable  form  of 
amplitude  or  angle  modulation  may  be  used,  with  some  form  of  phase- 
shift  keying  commonly  employed.  Direct  sequence  systems  are  also 
sometimes  called  pseudonoise  (PN)  systems. 

Frequency  Hopping 

The  FH  technique  consists  of  generating  the  broad  spectrum 
by  hopping  the  carrier  frequency  among  a number  of  frequencies 
over  a wide  band  at  some  rate,  with  the  specific  order  of  fre- 
quency selection  controlled  by  a code  sequence.  The  SS  system 
requirements  determine  the  number  of  frequencies  used  and  the 
hopping  rate. 

MEASUREMENT  DESCRIPTION  AND  RESULTS  FOR  DIRECT-SEQUENCE  SPREAD- 
SPECTRUM  (DSSS)  INTERFERENCE 


DSSS  Signal  Generation  and  Characteristics 

The  DSSS  signal  was  generated  by  a direct  sequence  biphase 
modulator.  A block  diagram  of  the  DSSS  interference  generator 
setup  is  shown  in  Figure  106.  The  mainlobe  bandwidth  of  the 
DSSS  signal  is  twice  the  clock  rate  of  the  modulating  code  se- 
quence. The  measured  spectral  characteristics  of  the  BPSK  DSSS 
interference  signals  used  in  the  measurements  are  shown  in  Fig- 
ures 107,  108  and  109  for  code  rates  (R^)  of  125  Kb/s,  2.5  Mb/s 
and  5 Mb/s  respectively.  As  expected,  the  DS  modulation  produces 
a [(sin  x)/x]2  power  spectrum  with  approximately  90%  of  the  power 
contained  in  the  mainlobe. 


192 


ESD-TR-79- 100 


Section  8 


Measurement  Results 

The  data  analyzed  indicates  that  the  DSSS  interference  can 

be  treated  as  an  equivalent  average  power  FM  carrier  whose  RMS 

deviation  (D1  ) corresponds  to  1.6  R , where  R is  the  modula- 

rms  r c c 

ting  code  rate.  The  processing  gain  of  FDM/FM  systems  when  ex- 
posed to  BPSK  DSSS  interference  can  be  calculated  from  the  FM 
equations  given  in  Section  6 by  substituting  1.6  R^  for  D' 

Following  this  treatment,  the  processing  gain,  and  from 
this  the  S/N  power  ratio,  were  calculated  for  the  system  tested 
(see  TABLE  8,  Section  4)  using  Equations  89  (Section  6)  and  52 
(Section  4).  The  results  for  on-tune  and  off-tuned  BPSK  DSSS 
interference  are  shown  compared  with  measured  data  in  Figures 
110  through  121.  The  results  of  these  comparisons  indicate 
that,  for  on-tune  BPSK  DSSS  interference,  good  agreement  exists 
between  the  measured  and  calculated  processing  gains  values. 

For  the  case  of  off-tuned  BPSK  DSSS  interference,  the  compari- 
sons between  the  measured  and  calculated  results  indicate  that 
Equation  89  adequately  predicts  the  off-tuning  characteristics 
for  frequency  separations  up  to  approximately  FH  + (1.6  Rc). 

For  frequency  separations  greater  than  approximately  F^  + (1.6 
Rc)  but  les  than  Bjp/2,  the  calculated  off-tuning  rejection 
tends  to  be  greater  than  the  measured  off-tuning  rejection.  For 
frequency  separation  greater  than  B^p/2,  the  off- frequency  re- 
jection due  to  the  IF  filter  should  be  added  to  Equation  89. 

MEASUREMENT  DESCRIPTION  AND  RESULTS  FOR  FREQUENCY-HOPPING  SPREAD- 
SPECTRUM  (FH SS)  INTERFERENCE 


FHSS  Signal  Generation  and  Characteristics 

The  FHSS  signal  was  generated  by  a frequency  synthesizer/ 
balanced  mixer  combination  capable  of  responding  to  coded  outputs 
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Figure  111.  Transfer  function  for  on-tune  DSSS  interference  180° 
biphase-modulated  by  a 2.5-Mbps  code;  low  test  chan- 
nel (340-344  kHz). 
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•10  0 10  20  30  40  50 


RF  INPUT  CARRIER-TO-INTERFERENCE  POWER  RATIO  IN  dB 

Figure  112.  Transfer  function  for  on-tune  DSSS  interference  180° 
biphase-modulated  by  a 5-Mbps  code;  low  test  channel 
(340-344  kHz). 
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Figure  113.  Transfer  function  for  on-tune  DSSS  interference  180° 
biphase-modulated  by  a 125-kbps  code;  high  test  chan- 
nel (2432-2436  kHz). 
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CHANNEL  OUTPUT  TEST  TONE  TO  NOISE  RATIO  IN  dB 


Figure  115.  Transfer  function  for  on-tune  DSSS  interference  ISO0 
biphase-modulated  by  a S-Mbps  code;  high  test  chan- 
nel (2432-2436  kHz). 
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from  two  code  generators.  A block  diagram  of  the  FHSS  interference 

generator  setup  is  shown  in  Figure  122.  One  code  generator  (code 

1)  was  used  to  randomly  select  the  RF  frequency  of  the  FHSS  signal 

from  four  available  discrete  frequency  choices,  namely,  fQ,  fQ  + 

14  MHz,  f - 14  MHz  and  f + 25  MHz,  where  f is  the  tuned  fre- 
o o o 

quency  of  the  FDM/FM  test  receiver.  The  length  of  time  that  the 
FHSS  interference  signal  dwelled  on  each  of  the  four  discrete  fre- 
quencies (0.1-10,000  us)  and  the  average  rate  at  which  the  signal 
hopped  between  these  frequencies  (10-10,000  hps)  were  adjusted 
according  to  the  measurement  requirements.  The  frame  length  of 
the  code  1 sequence  was  2,147,483,647  bits  (231  - 1,  Mersenne 
prime  generator)  and  was  obtained  by  using  a maximally  tapped  31- 
bit  shift  register. 


"RF  OUTPUT 


19.2  kbps 
250  kbps 
5 Mbps 
10  Mbps 


Figure  122.  BPSK  frequency-hopping  interference  generator. 


The  other  code  generator  (code  2)  was  used  to  select  the 
information  rate  of  the  BPSK  signal  being  frequency  hopped.  The 
information  rates  used  are  shown  in  Figure  122. 


The  output  spectrum  of  the  BPSK  FHSS  interference  signal  is 
a composite  of  the  BPSK  [(sin  x)/x]2  power  spectrum,  sidebands 
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generated  by  hopping,  and  spurious  frequencies  generated  as  by- 
products. The  measured  spectral  characteristics  of  four  of  the 
BPSK  FHSS  interference  signals  used  in  the  measurements  are  shown 
in  Figures  125  through  126. 

Measurement  Results 

The  results  of  the  channel  output  noise  measurements  for 
BPSK  FHSS  interference  are  shown  in  Figures  127  through  153. 

From  these  measurements  the  following  conclusions  can  be  drawn: 

1.  The  level  of  interference  noise  (for  a constant 
C/I  power  ratio)  in  a multiplexer  channel  of  a given  FDM/FM  sys- 
tem is  primarily  a function  of  the  dwell  time  and  the  inband 
hop  rate  of  the  BPSK  FHSS  signal 

2.  The  level  of  interference  noise  (for  constant 
values  of  C/I,  dwell  time  and  inband  average  hop  rate)  in  a 
multiplexer  channel  of  a given  FDM/FM  system  is  only  slightly 
dependent  on  the  BPSK  information  code  rate 

3.  The  level  of  interference  noise  in  a multiplexer 
channel  of  a given  FDM/FM  system  is  inversely  proportional  to 
the  C/I  power  ratio.  For  C/I  power  ratios  smaller  than  approxi- 
mately 0 dB,  the  noise  in  a multiplexer  channel  will  increase 
only  slightly  with  decreasing  ratios  of  C/I.  Note  further  that 
this  behavior  is  different  than  that  previously  observed  for 
radar  pulsed  interference  where  the  noise  level  remained  prac- 
tically constant  for  ratios  of  C/I  smaller  than  approximately 

-2  dB. 

The  C/I  power  ratios  for  the  BPSK  FHSS  interference  were 
calculated  from  the  measured  C/I  power  ratios  as  follows: 
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Figure  123.  FUSS  signal,  180  biphase-moi 
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Figure  124.  FUSS  signal,  180°  biphase-modulated  by  a 250-kbps  code 


Figure  126.  FUSS  signal,  180°  biphase-modulated  by  a 10  Mbps  code. 
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C/I  = (C/I)  - 10  log 


The  data  presented  in  Figures  127  through  155  can  be  used  to 
predict  the  degradation  in  FDM/FM  systems  whose  modulation  charac- 
teristics and  channel  capacities  differ  from  those  of  the  system 
tested.  For  those  cases,  the  processing  gain  corrections  outlined 
in  Section  7 should  be  applied  to  the  data. 


(dwell  time\ 
(seconds)  ) 


(inband  average  hop  rate 
(hops  per  second) 
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Figure  127.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  BPSK  FHSS  interference; 
dwell  time  =0.1  y s , inband  average  hop  rate  = 10,0 
hps. 
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Figure  136.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  BPSK  FHSS  interference; 
dwell  time  = 300  us,  inband  average  hop  rate  = 1000 
hps. 
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Figure  139.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  BPSK  FHSS  interference; 
dwell  time  =0.2  us,  inband  average  hop  rate  = 100 
hps. 
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Figure  142.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  BPSK  FHSS  interference; 
dwell  time  = 100  ys,  inband  average  hop  rate  = 100 
hps . 
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Figure  144.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  BPSK  FHSS  interference; 
dwell  time  = 1000  us,  inband  average  hop  rate  = 100 
hps. 
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Figure  148.  Measured  interference  noise  power  in  a low  baseband 
channel  (340-344  kHz)  for  BPSK  FHSS  interference; 
dwell  time  = 100  us,  inband  average  hop  rate  = 10 
hps. 
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Figure  152.  Measured  interference  noise  power  in  a high  baseband 
channel  (2432-2436  kHz)  for  BPSK  FHSS  interference; 
dwell  time  = 100  ys,  inband  average  hop  rate  = 100 
hps . 
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SECTION  9 

SUMMARY  OF  RESULTS 


1.  A computer  simulation  model  was  developed  for  determining 
the  manner  in  which  various  types  of  undesired  signals  affect  the 
performance  of  FDM/FM  receivers.  The  theoretical  details  of  the 
computer  model,  including  the  user-oriented  documentation  and  model 
validation,  were  reported  in  ECAC-UM-78-018  (Reference  5); 

2.  A detailed,  two-phase  FDM/FM  measurements  program  was 
successfully  completed.  The  results  of  Phase  I,  which  consisted 
of  measuring  the  characteristics  of  a 600-channel  and  a 1200-chan- 
nel FDM/FM  system,  are  included  herein  as  APPENDIX  A.  The  results 
of  Phase  II,  which  consisted  of  measuring  the  performance  degrada- 
tion in  a 600-channel  FDM/FM  receiver  due  to  interference,  are  sum- 
marized in  Sections  4 through  8.  The  methodologies  used  in  the 
Phase  II  measurements  together  with  the  raw  data  weTe  reported  in 
ECAC-HDBK- 77-041 , Volumes  1 through  8 (References  9 and  10). 

• Some  of  the  measurement  methodologies  developed  for 
the  Phase  I measurements  are  currently  being  used 
to  update  MIL-STD-449 (D) . 

3.  A large  amount  of  information  on  FDM/FM  systems  (i.e., 
modulation  characteristics,  baseband  noise- loading  techniques, 
emission  spectrum  synthesis  techniques,  etc.)  has  been  included 
in  this  report  (Sections  2,  3 and  4 and  APPENDIXES  A,  B and  C) 

to  facilitate  performing  degradation  analyses  for  FDM/FM  systems. 

• Equations  1 through  5 are  used  to  compute  the 
baseband  noise- loading  levels. 
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•Equations  8 through  11  are  used  to  compute  the  FDM 
modulation  characteristics. 

•TABLE  3 summarizes  the  transmission  parameters 
specified  by  CCIR  and  DCA  for  FDM/FM  systems  of  the 
type  widely  used  by  the  terrestrial  and  satellite 
services. 

•TABLE  6 summarizes  the  transmission  parameters  of 
FDM/FM  systems  used  in  Intelsat  IV. 

•Equation  15,  which  was  derived  from  the  Phase  I 
measured  data,  extends  the  limits  of  the  equations 
available  in  the  literature  for  computing  the  power 
spectrum  of  FDM/FM  systems  with  low  values  of  RMS 
modulation  indices. 

•Figures  C-l  and  C-2,  which  were  derived  from  the 
Phase  I measured  data,  represent  a graphical  technique 
for  obtaining  the  power  spectrum  of  preemphasized 
FDM/FM  systems  with  intermediate  values  of  RMS  modula- 
tion indices. 

4.  The  FDM/FM  receiver  power  transfer  functions  (i.e.,  the 
relationships  between  the  audio  output  S/N  power  ratio  and  the  RF 
input  C/I  and  C/N  power  ratios)  for  various  types  of  interference 
signals  were  developed.  The  power  transfer  functions,  together 
with  the  methodology  used  to  develop  them,  are  presented  in  Sec- 
tions 4 through  8 as  follows: 

• Figure  11  shows  the  receiver  power  transfer  function 
model  used  throughout  the  report. 

•The  noise  power  transfer  equations  developed  by 
Fagot  and  Magne,  (Reference  27)  are  presented. 


246 


ESD-TR- 79-100  Section  9 


Section  5:  Power  Transfer  Functions  for  ECM  (i.e., 
barrage  and  spot  noise,  amplitude-modu- 
lated barrage  noise,  pulse-modulated  bar- 
rage noise,  swept-spot  noise)  Interference 


•Techniques  for  simulating  and  generating  ECM  signals 
are  presented. 

Section  6:  Power  Transfer  Functions  for  CW  and  noise- 
modulated  FM  (i.e.,  narrowband  FM,  FDM/FM) 
interference 

• The  noise  power  ratio  equations  developed  by  Hamer 
(Reference  19)  are  presented. 

Section  7:  Power  Transfer  Functions  for  Chirp  and 
Nonchirp  Radar  Pulse  Interference 

•The  concept  of  two  degradation  regions  of  FDM/FM  com- 
munication systems  subjected  to  pulse  radar  interfer- 
ence is  demonstrated. 

•For  on-tune  pulse  interference,  the  envelope  of  the 
maximum  observed  interference  in  the  worst  performing 
voice  channel  can  be  calculated  from  Equations  92  and 
93. 

•Performance  degradation  will  increase  as  the  pulse 
interference  is  off- ; jned  slightly. 

Section  8:  Power  Transfer  Functions  for  Direct-Sequence 
(DS)  and  Frequency-Hopping  Spread-Spectrum 
(FHSS)  Interference 

• DSSS  interference  behaves  as  noise-modulated  FM  inter- 
ference whose  RMS  deviation  corresponds  to  1.6  R , 
where  Rc  is  the  modulating  code  rate. 
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•The  level  of  interference  noise  in  a multiplexer 
channel  of  a given  FDM/FM  system  is  inversely 
proportional  to  the  C/I  power  ratio.  For  C/I 
power  ratios  smaller  than  approximately  0 dB, 
the  noise  in  a multiplexer  channel  will  increase 
only  slightly  with  decreasing  ratios  of  C/I. 

• FHSS  interference  behaves  as  a combination  of 
pulse  interference  and  noise  interference. 

5.  The  relationship  between  channel  output  S/N  power  ratio 
and  voice  intelligibility  was  investigated  and  the  results  are 
presented  graphically  in  APPENDIX  B. 

•For  all  interference  signals,  the  articulation 
index  is  dependent  only  on  the  S/N  power  ratio 
at  the  output  of  a voice  channel  and  can  be 
calculated  from  Equation  B-6. 

•The  relationships  between  articulation  index 
and  articulation  score  are  presented  graphically 
in  Figures  B-5  through  B-9. 
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APPENDIX  A 

PARAMETER  MEASUREMENT  DATA 

This  appendix  documents  the  results  of  the  MIL-STD-449 (D) 
transmitter  and  receiver  parameter  measurements  conducted  on  a 
600-channel  and  a 1200-channel  Lenkurt  78A2  FDM/FM  microwave 
system.  TABLES  A-l  and  A-2,  respectively,  summarize  the  trans- 
mitter and  receiver  parameter  measurement  results  and  the  figure 
and  table  numbers  corresponding  to  their  location. 


I ! 


ESD-TR- 79-100 


Appendix  A 


z 

o 

t-H 

u 

o 


03 

J 

CO 

< 

H 


03 

U 

3 

00 


to 

V — / 

<u 

pH 

X) 

CO 

f- 


cj 
co  <0 
Cl,  fH 


< < 


• 

r—, 

00 

*3- 

CM 

CM 

1 

1 

< 

1 

< 

rr  o 

1 1 

< 

o 

o 

< < 

o 

4-* 

4-> 

4-> 

* « 

to 

CM 

to  lO 

r» 

^H 

CM 

< < 

i 

< 

1 

<£ 

< 

vO 


< < 


CO 

<D 

o 

o 

o 

O 

o 

O 

o o 

o 

o 

o 

o 

o o 

o 

o 

U 

c 

o 

o 

o 

O 

o 

o 

o o 

o 

o 

o 

o 

o o 

o 

o 

s 

c 

NO 

CM 

NO 

CM 

VO 

CM 

NO  CM 

NO 

CM 

nO 

CM 

X CM 

X 

CM 

CO 

<-H 

i-H 

pH 

i-H 

i-H 

i-H 

-H 

^H 

43 

xl 

4-> 

u 

oo 

> — / 

X 

CO 

/ — \ 

*3 

C 

/>“■* 

cO 

3 

XL 

C 

■* 

C0 

O 

X 

*h 

43 

h 

3 

cO 

•H 

* 

2 

s 

' — ' 

to 

4-> 

t/) 

to 

c 

o 

CJ 

CJ 

1) 

t4H 

•iH 

•pH 

s 

on 

4-> 

4-» 

43 

t/) 

•M 

OO 

CO 

X 

G 

•H 

• H 

3 

X 

cu  o 

u 

c 

to 

t/) 

4-* 

cO 

s 

4) 

43 

o 

cO 

o 

•fH 

t* 

43 

X 

+-» 

•fH 

0) 

•pH 

f-H 

OO 

Jh 

CJ 

CJ 

4-» 

z 

•w 

•H 

o 

3 

CO 

CO 

CO 

to 

x 

4-» 

</) 

*h 

pH 

• pH 

cO 

o 

cO 

cO 

cO 

3 

43 

Jh 

4-> 

XL 

43 

XL 

X 

3 

♦-> 

X 

43 

CO 

Q- 

z 

U 

CJ 

O 

4-> 

4-> 

•w 

E 

•H 

3 

cj 

X 

c 

e 

E 

E 

5 

6 

•H 

cO 

cj 

o 

3 

3 

3 

43 

tO 

Jh 

c 

•H 

Jh 

4-* 

c 

*3 

CO 

43 

4-> 

4-» 

4-> 

4-> 

C 

cO 

c 

X 

3 

cO 

CJ 

O 

CJ 

HH 

t- 

cO 

u 

*-> 

o- 

4) 

43 

43 

i - 

CO 

3 

43 

x 

a, 

a. 

Oh 

t- 

c 

cu 

•fH 

CO 

CO 

CO 

43 

u 

o 

•M 

u. 

I-H 

4-» 

o 

• H 

CO 

c 

c 

c 

•M 

4-> 

4-) 

f-l 

CJ 

o 

o 

o 

•pH 

cO 

CO 

0) 

•H 

•H 

•H 

E 

pH 

i-H 

*H 

•fH 

0) 

to 

tO 

to 

to 

3 

3 

43 

u 

t/> 

tO 

to 

to 

c 

3 

3 

;* 

Vh 

•fH 

•fH 

•iH 

•H 

cO 

o 

o 

o 

cO 

o 

E 

E 

E 

u 

z 

s 

Cl 

u 

2 

UJ 

LU 

UJ 

t- 

25< 


Figure  A-2.  Transmitter  modulation  bandwidth,  1200-channel  system. 


Figure  A-3.  Transmitter  modulation  characteristics  (low  range  expanded  scale), 
600-channel  system. 


Figure  A-4.  Transmitter  modulation  characteristics  (full  range),  600-channel  system. 
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TABLE  A- 3 


TRANSMITTER  POWER  OUTPUT 


System  Capacity 

Frequency 

Power  Output 

600  Channels 

1200  Channels 

6382.6  MHz 

5982.3  MHz 

30  dBm 

31.2  dBm 

TABLE  A-4 

TRANSMITTER  CARRIER  FREQUENCY  STABILITY,  600-CHANNEL  SYSTEM 
(TUNED  FREQUENCY  6382.6  MHz) 


Date 

Time 

Frequency 

(MHz) 

12/18/75 

0930 

6382.643 

12/18/75 

0945 

6382.642 

12/18/75 

1000 

6382.643 

12/18/75 

1015 

6382.643 

12/18/75 

1030 

6382.642 

12/18/75 

1045 

6382.644 

12/18/75 

1100 

6382.643 

12/18/75 

1115 

6382.643 

12/18/75 

1130 

6382.643 

12/18/75 

1145 

6382.642 

12/18/75 

1200 

6382.644 

12/18/75 

1215 

6382.642 

12/18/75 

1230 

6382.643 

12/18/75 

1245 

6382.643 

12/18/75 

1300 

6382.643 

12/18/75 

1315 

6382.642 

12/18/75 

1330 

6382.642 
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TABLE  A-S 

TRANSMITTER  CARRIER  FREQUENCY  STABILITY,  1200-CHANNEL  SYSTEM 
(TUNED  FREQUENCY  5982.3  MHz) 


Date 

Time 

Frequency 

(MHz) 

8/4/76 

0800 

5982.274 

8/4/76 

0815 

5982.272 

8/4/76 

0830 

5982.271 

8/4/76 

0845 

5982.271 

8/4/76 

0900 

5982.270 

8/4/76 

0915 

5982.270 

8/4/76 

0930 

5982.269 

8/4/76 

0945 

5982.269 

8/4/76 

1000 

5982.269 

8/4/76 

1015 

5982.269 

8/4/76 

1030 

5982.268 

8/4/76 

1045 

5982.268 

8/4/76 

1100 

5982.268 

8/4/76 

1115 

5982.268 

8/4 '76 

1130 

5982.268 

8/4/76 

1145 

5982.269 

8/7/76 

1200 

5982.268 
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Figure  A-7.  Noise  modulation  signal  used  in  spectrum  analyzer  noise  calibration  measurements. 
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Figure  A-8.  Spectrum  analyzer  noise  calibration  photograph,  scanwidth  = 10  kHz/divi sion . 


ESD-TR-79- 100 


Appendix  A 


</>  aa 

oo  td 

c 

• 

•H  O 

> 

4->  rH 

•rH 

4-> 

-3 

• 

<D 

\ 

> 

CO  c 

N 

•H 

o 

X 

N 

* -H 

^4 

*T" 

V -M 

C/> 

M cd 

O 

X 3 

LO 

rH 

rH 

^ ff 

a <d 
C 4->  SZ  JS.  ffl 
< +J  +J  4J  S 
<C  T3  "T3  .-1 


S 
3 +■> 
Jh  3 
4->  a* 

u c 

U i-t 


2 2 
c -a 
a c 
u a 

CO  flQ 


4->  4) 
CL,C£ 

o 

V so 
2 O 
CD  -4 
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Figure  A- 11.  Spectrum  analyzer  noise  calibration  photograph,  scanwidth  = 500  kllz/division . 
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Figure  A-13.  Spectrum  analyzer  noise  calibration  photograph,  scanwidth  = 2 MHz/division. 
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Figure  A-14.  Spectrum  analyzer  noise  calibration  photograph,  scanwidth  = 5 MHz/division. 
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Transmitter: 

Tuned  Frequency  6382.6  MHz 
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Narrowband  emission  spectrum  characteristics  of  600-channel  Lenkrut  778A2 
transmitter,  500  kilz/division. 
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1200  Channels  No  intermodulation 

products  were  observed 


TABLE  A- 8 
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Figure  A- 29.  CW  quieting  dynamic  range  at  the  receiver  124-ohm  output,  600-channel  system. 


Figure  A- 30.  CW  quieting  dynamic  range  at  the  receiver  baseband  output,  600-channel  system 
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APPENDIX  B 
RECEIVER  PERFORMANCE 


GENERAL 


The  ability  of  man  to  communicate  effectively  is  one  of  his 
greatest  assets.  If  one  considers  a system  communicating  infor- 
mation as  including  the  listener,  an  evaluation  of  system  perfor- 
mance can  be  made  in  terms  of  how  well  the  listener  is  able  to 
discern  the  information  or  signal  being  delivered  by  the  system. 
Researchers,  over  the  years,  have  developed  several  methods  for 
evaluating  the  performance  of  analog  voice  communications  systems. 
These  methods  can  generally  be  grouped  into  one  of  two  categories, 
namely  objective  (i.e.,  weighted  noise,  test  tone-to-noise  power 
ratio,  Articulation  Index)  and  subjective  (i.e.,  Articulation 
Score).  This  appendix  will  consider  some  of  the  techniques  used 
with  both  performance  evaluation  methods. 

NOISE  WEIGHTING 


The  term  noise  has  been  described  as  a mixture  of  undesirable 
frequencies  and  amplitudes  which  interfere  with  the  signals  in- 
tended to  be  received.35  Earlier  research  geared  towards  finding 
a unit  to  measure  the  effects  of  noise  interference  in  the  3.1-kHz 
voice  channel  revealed  that  certain  frequencies  of  noise  will  in- 
terfere with  conversation  more  than  will  other  frequencies.  The 
results  of  earlier  measurements,  made  to  develop  a unit  to  measure 
noise  interference,  indicated  that  a 1-kHz  noise  signal  produced 
more  interference  than  any  of  the  other  frequencies  of  noise  in  a 

3%nits  for  Measuring  Power,  Levels  and  Noise,  GTE  Lenkurt  Incor- 
porated, 1973. 
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voice  channel.  These  tests  took  into  account  the  hearing  ability 
of  the  human  ear  and  the  efficiency  of  the  telephone  equipment 
that  was  being  used.  The  data  obtained  by  comparing  the  inter- 
fering effects  of  other  frequencies  of  noise  to  the  effects  pro- 
duced by  a 1-kHz  frequency  were  used  to  generate  a weighting  curve. 

A number  of  slightly  different  weighting  curves  have  been  used 
throughout  the  years  as  a result  of  improvements  in  the  telephone 
handset.  Plots  of  the  three  most  recent  types  of  noise-weighting 
curves  are  shown  in  Figure  B-l.  The  F1A  weighting  was  developed 
in  the  late  1930 's  using  the  302  type  telephone  handset.  Although 
the  F1A  noise  weighting  is  no  longer  used  in  the  telephone  indus- 
try, it  is  still  common  to  industrial  systems. 

At  present,  the  two  most  common  types  of  noise  weighting 
used  in  the  telephone  industry  are  the  C-message  weighting,  widely 
used  in  the  United  States,  and  the  psophometric  weighting,  widely 
used  in  Europe  and  internationally.  The  unit  of  C-message  weighting 
is  the  dBmc.  The  term,  dBmc,  is  the  number  of  dB  above  a refer- 
ence noise,  C-message  weighted.  The  reference  noise  is  the  noise 
level  that  produces  the  same  interfering  effect  using  C-message 
weighting  as  a -90  dBm,  1-kHz  tone  would  produce  using  a type  500 
telephone  handset.  The  term,  dBrncO,  is  also  often  used  in  C- 
message  weighting.  dBrncO  is  simply  dBrnc  referenced  to  a 0 dBm 
test  point  in  the  system. 

The  unit  of  psophometric  weighting  is  the  picowatt,  pWp.  The 
main  difference  between  the  C-message  weighting  and  the  psophomet- 
ric weighting  is  that  the  psophometric  weighting  uses  800  Hz  in- 
stead of  1-kHz  as  a standard  reference  tone.  Since  the  two  weighting 
curves  (Figure  B-l)  are  similar,  we  can  convert  units  in  the  one 
measurement  method  to  approximate  values  in  the  other  measurement 
method  by: 
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dBrncO 

where 


10  log  pWOp 


(B-l) 


dBrncO  = C-message-weighted  reference  noise  at  a 
point  of  zero  relative  level,  in  dB 

pWOp  = psophometric-weighted  noise  at  a point  of 
zero  relative  level,  in  picowatts. 


Equation  B-l  is  in  error  by  as  much  as  1 dB  (Reference  7)  due  to 
the  variations  between  the  two  types  of  weighting.  However,  it 
is  a commonly  accepted  approximation. 


TEST  TONE-TO- NOISE  RATIO 


Specifying  the  noise  (weighted  or  unweighted)  in  a test  chan- 
nel as  a noise  power  ratio  provides  a relative  indication  of  inter- 
ference. An  alternative  is  to  express  the  noise  in  decibels  rela- 
tive to  a specified  absolute  test  tone  level  in  the  test  channel. 
Test  tone-to-noise  ratio  (S/N)  is  defined  as  the  decibel  ratio  of 
the  level  of  the  standard  test  tone  (0  dBmO)  to  the  noise  in  a 
3100-Hz  bandwidth  within  the  test  channel.  Test  tone-to-noise 
ratio  is  therefore  numerically  equal  to  the  channel  noise  expres- 
sed in  dBmO  with  the  sign  inverted.  For  example,  a channel  noise 
level  of  -40  dBmO  is  equivalent  to  an  S/N  of  40  dB. 

For  white  noise,  the  test  tone-to-noise  power  ratio  can  be 
converted  to  phophometric-  or  C-message-weighted  noise  as  follows 
(Reference  7) : 


dBrncO 


88.5  - S/N 


(B-2) 
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and 


pWOp 


0.56  x 109 
antilog10(S/N)/10 


(B-3) 


SI  NAD 


The  SINAD  is  an  audio  output  power  measure  which  is  measured 
with  a distortion  analyzer  and  which  yields  the  ratio,  in  dB,  of 
the  channel  output  signal  plus  noise  plus  distortion  plus  inter- 
ference-to-channel  output  noise  plus  distortion  plus  interference, 
(S  + N + D + I)/(N  + D + I).  When  there  is  no  interference,  the 
SINAD  power  ratio  reduces  to  (S  + N + D)  / (N  + D) . 

ARTICULATION  INDEX 


The  articulation  index  (AI)  performance  evaluation  technique 
is  based  on  the  original  work  of  French  and  Steinberg.36 

French  and  Steinberg  determined  that  the  speech  spectrum  can 
be  divided  into  N contiguous  bands  which  contribute  equally  to 
intelligibility  as  measured  by  articulation  score  (AS).  Current 
methods  of  determining  AI  include  empirically  derived  correction 
factors  to  account  for  the  upward  spread  of  masking.  This  is  the 
phenomenon  in  which  interference  at  a low  frequency  masks  a higher 
frequency  portion  of  the  voice  spectrum.  Effects  of  noise  and 
other  factors  (interference,  distortion)  prevent  the  N bands  from 
making  their  full  contribution  to  intelligibility.  Since  inten- 
sity of  speech  and  interference  may  vary  depending  on  the  band,  a 

36French,  N.  and  Steinberg,  J.,  "Factors  Governing  the  Intelligi- 
bility of  Speech  Sounds,"  Journal  of  the  Acoustical  Society  of 
America,  Vol.  19,  No.  1,  January  1947. 
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weighting  factor  is  determined  for  each  band  which  reflects  the 
fact  that  some  bands  do  not  make  their  maximum  possible  contri- 
bution to  the  speech  intelligibility.  The  weighting  factors  vary 
for  each  band  according  to  the  ratio  of  the  speech  energy  in  the 
band  to  the  hearing  threshold.  When  the  speech  energy  level  in 
the  band  is  30  dB  or  more  above  the  threshold  level,  it  contrib- 
utes its  maximum  value  and,  hence,  has  a unit  weighting  factor. 
When  the  speech  energy  level  is  between  0 and  30  dB  above  the 
threshold,  the  band's  contribution  is  in  proportion  to  its  maxi- 
mum as  its  level  is  to  30  dB.  When  the  energy  level  is  below  the 
threshold,  there  is  no  contribution  and  the  weighting  factor  van- 
ishes. These  weighting  factors  are  additive  and  the  sum  can  be 
used  with  empirical  curves  to  determine  the  corresponding  AS. 

Voice  Intelligibility  Analysis  Set 

An  instrument  produced  by  the  General  Electronics  Laboratory 
(GEL)  to  measure  the  effects  of  undesired  signals  on  voice  intel- 
ligibility without  subjective  listener  evaluation  is  called  the 
Voice  Intelligibility  Analysis  Set  (VIAS).37*38  This  device  de- 
vides.  the  spectrum  into  a number  of  unequal  bandwidths  (14)  and 
measures  the  contribution  to  intelligibility  for  each  band.  The 
contributions  from  the  bands  are  then  averaged  over  all  14  bands 
to  produce  the  composite  AI.  The  14  VIAS  frequency  bands  are 
shown  in  Figure  B-2  and  the  calculation  of  AI  is  depicted  graph- 
ically in  Figure  B-3.  A synthetic  desired  speech  signal,  which 

37Thompson,  A.,  The  Application  of  the  Voice  Interference  Anal- 
ysis System  to  the  Prediction  of  Voice  Intelligibility  - Part 
1,  Bell  Report  No.  A70009-280,  November  1967. 

38Fitts,  R.  , Electronic  Evaluation  of  Voice  Communications  Sys- 
tems, RADC-TDR-63-355 , August  1963. 
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Figure  B-2.  Long-term  speech  spectrum  and  associated  A1  bands. 
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consists  of  a triangle-modulated  950-Hz  tone,  is  transmitted  over 
the  test  channel  and  is  then  measured  by  the  recording  portion  of 
the  device,  in  order  to  establish  representative  speech  levels  in 
the  14  bands.  The  average  power  (over  a 10- second  period)  of  the 
components  of  undesired  signal  in  each  of  the  14  bands  is  then 
measured  and,  from  knowledge  of  the  average  portion  of  the  desired 
signal  in  each  band,  the  desired-to-undesired  signal  ratio,  SNR^, 
is  computed  in  decibels  for  each  band.  An  AI  value  (AI^)  is  as- 
signed to  each  frequency  band  by  the  relation: 


where 


AI. 

l 


1 for  SNR.  > 18 

l — 

(SNR.  + 12)/30  for  -12  < SNR..  < 18 
0 for  SNR.  < -12 

l — 


i = the  band  number. 


(B-4) 


The  articulation  index  value  is  computed  by  averaging  the  AI^ 
values  for  each  of  the  14  bands.  The  VIAS  incorporates  empiri- 
cally derived  correction  factors  to  account  for  the  upward  spread 
of  masking.  This  is  the  phenomenon  in  which  interference  at  a 
low  frequency  masks  a higher  frequency  portion  of  the  voice  spec- 
trum. 


The  characteristics  of  the  system  being  evaluated  may  indi- 
cate that  certain  frequency  bands  should  not  be  allowed  to  con- 
tribute to  the  overall  AI.  This  arises  when  the  audio  spectrum 
is  bandpass-filtered  above  200  and  below  6100  Hz.  Since  the  de- 
sired-signal spectrum  is  artificially  generated  from  200  to  6100 
Hz,  the  highest  and  lowest  frequencies  are  actually  attenuated 
and  make  no  contribution  to  AI.  The  easiest  solution  is  to 
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disregard  certain  AI^  contributions  by  using  a contribution  factor 
(in  VIAS,  the  switch  settings).  The  total  AI  value  is  then 
calculated  by: 


14 

£ ci(AV 

i=l 

14 


AI  = 


(B-4) 


where 


= depends  on  the  audio  filter  characteristics. 


t*  i 


In  the  case  of  the  standard  FDM  3.1-kHz  voice  channel,  the 
uppermost  two  bands  (in  VIAS,  the  13th  and  14th  switch  settings) 
do  not  contribute  to  AI.  Hence,  and  C^4  are  set  equal  to 
zero.  With  these  two  contribution  factors  set  to  zero,  the  highest 
possible  AI  attainable  is  12/14  = 0.857.  The  accepted  practice 
for  this  case  is  to  normalize  the  measured  or  calculated  AI  values 
by  multiplying  these  values  by  14/12  = 1.167.  The  range  of  the 
normalized  AI  values  is  now  from  zero  to  one,  with  the  highest 
possible  AI  given  by  AI  = 1.000.  Normalizing  the  AI  values  allows 
comparing  the  performance  of  different  systems  directly. 

Comparisons  Between  Measured  and  Predicted  AI 

AI  was  one  of  the  performance  measures  used  to  evaluate  the 
performance  of  the  600-channel  FDM/FM  system  for  various  types 
of  interference  signals.  Based  on  the  AI  data  analyzed,  it  can 
be  shown  that  AI  is  dependent  only  on  the  S/N  at  the  output  of  a 
test  channe-l.  The  relationship  between  S/N  and  AI  for  all  types 
of  interference  was  empirically  derived  and  is  given  by: 
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AI  = 0.5239  + 0.0241  (S/N)  - 0.0003  (S/N)2  (B-6) 

The  measured  AI  values  and  the  AI  values  predicted  by  Equa- 
tion B-6  are  shown  in  Figure  B-4. 


ARTICULATION  SCORE 


The  basic  requisite  for  a voice  communication  system  is  the 
retention  of  intelligibility,  which  is  defined  by  Robertson  as 
"the  capability  of  that  system  to  convey  the  speech  sounds  in  a 
manner  such  that  any  thoughts  which  may  have  existed  in  the  orig- 
inal vocal  message  will  be  retained  and  can  be  recovered  by  the 
recipient . "39 

One  measure  of  the  intelligibility  is  provided  by  the  artic- 
ulation test.  In  this  test,  a preselected  group  of  sounds,  syl- 
lables, words,  or  sentences  is  presented  orally  to  a panel  of 
listeners  who  record  what  they  hear.  The  results  expressed  in 
percent  correct,  commonly  known  as  the  Articulation  Score  (AS), 
provide  the  relative  measure  of  intelligibility  of  a specific 
system  or  for  a particular  interference  condition. 

The  AS  tests  were  made  using  a prerecorded,  phonetically 
balanced  50-word  list  (PB-50)  to  simulate  the  test  channel  modu- 
lation. The  resultant  channel  output  signal  plus  interference 
plus  noise  was  recorded  on  tapes,  and  the  tapes  were  submitted  to 
a trained  panel  of  listeners  who  record  what  they  hear.  The  re- 
sults expressed  in  percent  correct,  commonly  known  as  the  Articu- 
lation Score  (AS),  provide  the  relative  measure  of  intelligibility 
of  a specific  system  or  for  a particular  interference  condition. 

"Robertson,  W.  Douglas,  A Comparison  of  the  Procedures  and  Re- 
sults of  Intelligibility  Tests  for  a Number  of  Interference 
Conditions,  ECAC-TM-X-003-10,  ECAC,  Annapolis,  MD,  April  1962. 
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The  AS  tests  were  made  using  a prerecorded,  phonetically 
balanced  50-word  list  (PB-50)  to  simulate  the  test  channel  modu- 
lation. The  resultant  channel  output  signal  plus  interference 
plus  noise  was  recorded  on  tapes,  and  the  tapes  were  submitted  to 
a trained  panel  of  listeners  for  scoring. 

The  results  of  the  AS  tests  were  used  to  obtain  relationships 
between  AS  and  AI  for  various  types  of  interfering  signals.  These 
relationships  are  depicted  in  Figures  B-5  through  B-9. 
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APPENDIX  C 

SPECTRAL  CHARACTERISTICS  OF 
PREEMPHASIZED  FDM/FM  SIGNALS 

This  appendix  documents  the  results  of  a test  designed  to 
measure  the  spectral  characteristics  of  preeemphasized  FDM/FM 
signals  for  various  values  of  RMS  modulation  index  ranging  from 
0.007  to  1.3.  For  this  test,  the  1200-channel  Lenkurt  778A2  FDM/ 

FM  transmitter  was  modulated  with  a random  noise  signal  having  a 
Gaussian  amplitude  distribution  and  a uniform  average  power  spec- 
trum between  60  kHz  and  5564  kHz.  The  method  used  to  noise  load 
the  transmitter  baseband  was  identical  to  the  white  noise  testing 
procedure  previously  described  in  Section  2,  except  that  the  total 
noise  modulating  signal  power  was  set  to  various  levels  and  cor- 
responding emission  spectrum  photographs  were  taken.  Equation  9 
(Section  3)  was  then  used  to  relate  the  total  modulating  signal 
power  to  the  total  RMS  carrier  deviation  from  which  the  RMS  modu- 
lation index  can  readily  be  calculated. 

The  results  of  these  tests  are  presented  in  Figures  C-l  through 
C-38.  Figures  C-l  and  C-2  summarize  the  spectral  data  contained  in 
the  emission  spectrum  photographs  shown  in  Figures  C-3  through  C-38. 
These  two  figures  represent  a generalized  graphical  method  from 
which  the  emission  spectrum  of  CCIR  preemphasized  FDM/FM  can  be 
calculated.  Dimensionless  variables  are  used  as  in  Figure  9,  Sec- 
tion 3. 
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Figure  C-15.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.23  RMS  modulation  index. 
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Figure  C-16.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.23  RMS  modulation  index. 
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Figure  C-20.  Narrowband  emission  spectrum  characteristics  of  1 200-channel  Lenkurt  778A2 
transmitter,  0.32  RMS  modulation  index. 
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Figure  C-21.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.36  RMS  modulation  index. 
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Figure  C-23.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.4  RMS  modulation  index. 
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Modulation  60-5564  kHz  Bandwidth- Limited  Noise 
Modulation  Level  25  dBmO 
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Figure  C-26.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.45  RMS  modulation  index. 
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Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.51  RMS  modulation  index. 
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Figure  C-28.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.51  KMS  modulation  index. 
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Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.7  RMS  modulation  index. 


Figure  C-32.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.7  RMS  modulation  index. 
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Modulation  60-5564  kHz  Bandwidth-Limited  Noise 
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Figure  C-33.  Narrowband  emission  spectrum  characteristics  of  1200-channel  Lenkurt  778A2 
transmitter,  0.8  RMS  modulation  index. 
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